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CERTAIN ORGANIC CONSTITUENTS OF SOILS 
IN RELATION TO SOIL FERTILITY. 



INTRODUCTION. 

The poor qualities of unproductive soils are not always due to 
deficiency in nutrient mineral substances, but are often due to the 
presence of substances actually deleterious to plant growth. The 
presence of such deleterious substances may be demonstrated by 
the properties which the soil and its aqueous extract possess. When 
an unproductive soil is extracted with water, the aqueous solution 
is found to possess the properties of the soil itself, so far as plant 
growth is concerned; when a good soil is extracted, a good soil 
extract is obtained, and a poor soil yields a poor soil extract. The 
plant-producing power of soil extracts follows that of the soils from 
which they were made, almost regardless of soil texture or geological 
origin; where this is not the case the unproductivity is probably 
due to a poor physical condition, hardpan or poor cultural methods. 
In many instances poor soil extracts produce plants which are 
far less developed than similar plants grown in pun 1 distilled 
water under identical conditions. This toxicity of the soil extracts 
has been investigated quite thoroughly and numerous experiments 
reported in former bulletins of the Bureau of Soils, using the plant 
as an indicator. 

The toxic properties can be removed from a soil extract by a 
number of quite simple operations, such as treatment with carbon 
black, ferric hydrate, and other absorbent agents, whereby the toxic 
material is apparently removed from the solution. This action 
seems to be quite general for all poor soil extracts, although in other 
respects the properties of the soil extracts differ appreciably. The 
toxicity of certain soil extracts can be destroyed by merely boiling 
them. This may be due in some cases to a destruction and in others 
to a volatilization of the toxic agents, in which latter case the toxic- 
properties can be found in the distillate. The toxicity can also be 
much weakened by dilution with pure distilled water, so that in the 
weaker solution there may even result a stimulation in growth such 
as that commonly observed with weak solutions of poisons. These 
7055 No. 4707 2 



8 CERTAIN ORGANIC CONSTITUENTS OF SOILS 

toxic properties are also overcome in many instances by the addition 
of comparatively minute amounts of pyrogallol, naphthylamine, and 
. other nonnutrient substances, a phenomenon which may be explained 
by assuming that these bodies have acted upon the toxic substance 
or have so altered the plant by stimulation or otherwise as to over 
come them. 

Another way of rendering the toxic properties innocuous is by 
the addition of certain of the fertilizer salts, as in practical agri 
culture in the field, or by the addition of calcium carbonate, which 
in the soil extract and in the soil itself is known to have very strong 
remedial properties where bad soil conditions exist. The addition of 
stable manure and green manure to the soil is also of the greatest 
benefit, as is well known in agricultural practice. Their beneficial 
action can not be entirely ascribed to the plant food or plant 
nutrients which these substances contain, but part of their action 
is due to the organic compounds which they contain and the changes 
which they set up in the soil. 

It is, of course, well known that toxic soil conditions can be 
brought about by excess of salts or the presence of unfavorable 
inorganic compounds, such as ferrous iron, etc., but the properties 
of the toxic bodies causing unproductivity in ordinary agricultural 
soils under what might be termed normal conditions of continual 
crop culture, point strongly to the fact that the toxic bodies are 
organic and that the productiveness of a soil depends largely upon 
the condition of the organic matter in the soil and the processes 
which are at work in destroying the plant remains. 

These toxic bodies, as shown in a former bulletin, may arise as 
the direct result of plant growth. When one crop succeeds another 
the soil is frequently Tendered unfavorable for the support of a second 
crop of the same kind, even when the plants are only allowed to 
grow two or three weeks from the seed and can hardly have taken 
up enough plant food to have exhausted the supply naturally con 
tained in the soil. Furthermore, the addition of plant nutrients to 
such a soil is not able entirely to overcome these toxic conditions 
for another crop of the same -kind if immediately planted. They 
may, however, be overcome and the growth actually increased by 
the application of lime and green manure, either singly or in com 
bination. The unfavorable conditions brought about by the excre 
tion of material from the roots of the plant may affect the succeeding 
crop if immediately planted. When these plants are of a like species, 
such as wheat succeeding wheat, the effect is very marked. How 
ever, when cowpeas or corn is followed by wheat there is almost no 
detrimental effect, but when a closely related species like oats is 
used as the preceding crop the effect is again marked, although 
the retardation is not so great as when wheat follows wheat. 
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This same bad effect of root excretions is also shown by the effect 
of trees on wheat growing in conjunction with them, and is further 
illustrated by the poisonous effect which grass roots sometimes have 
on apple trees when sod is allowed to form in orchards. 

Seeds will also throw off toxic substances during the process of 
germination which are detrimental to the growth of another crop of 
the same kind of seedlings, if planted before the unfavorable con 
ditions have been ameliorated by treatment or by natural processes, 
such as oxidation or decay. 

The beneficial effects of mineral plant nutrients and of organic, 
manures are too well known to require more than brief mention in 
this place. When soil conditions are favorable for the decomposition 
and humification of organic material a marked increase in plant 
growth results. Numerous experiments showing this beneficial 
action have been described in Bulletins 28, 36, and 40 of this Bureau. 
A single experiment may be described in this place to illustrate the 
principle of this action. 

Green cowpea vines were added to a poor soil at the rate of ^,000 
parts per million of soil. The soil was kept at optimum water con 
tent and frequently stirred during the next twenty-six days. As 
decomposition progressed the soil developed an odor like that of 
decomposed stable manure. At the end of twenty-six days green 
cowpea vines were added to another sample of the same soil in the 
same proportion as originally applied. Both the samples of soil 
were then immediately extracted with distilled water, and the extracts 
used as a medium for growing wheat plants in comparison with the 
extract of a sample of soil to which no cowpea vines had been added. 
At the end of eleven days the growth produced in each set of solu 
tions was measured by taking the green weight of the plants. Rep 
resenting the growth of the plants in the extract of untreated soil as 
100. the growth in the extract made immediately after adding cow- 
pea vines was 95, and that in the extract of soil in which cowpea 
vines had stood twenty-six days was 130. This shows that the 
application of green manure was able to produce an increased growth, 
amounting to 30 per cent where the plants grew so short a time as 
eleven days, provided that the green manure had had sufficient 
time to decompose. 

The toxic properties of soils have been demonstrated and the 
existence of toxic bodies is a reality with which it is necessary to deal 
in future soil studies on the fertility and infertility of our agricultural 
lands. A very important phase of wojk in these soil studies yet 
remains to be done before a thorough knowledge of these bodies can 
be obtained and the best means of treatment to overcome them 
established. Many of their properties have already been deter 
mined, so far as they relate to plant- growth. Not only have their 



10 CERTAIN OKGANU CONSTITUENTS OF SOILS 

physical properties been studied, but the physiological properties, 
their effect on ihe growth and nutrition of plants or other physio 
logical functions, have also been ascertained for many soils. It 
remains to make a closer study of the chemical properties of these 
toxic bodies and to isolate them from the soil. 

PROPERTIES OF THE ORGANIC CONSTITUENTS OF SOILS. 

The problem of isolating organic bodies from soils has been 
attempted from time to time in the history of agricultural science. 
Braconnot. Walser, Gyde, and others even attempted to show by 
chemical means the presence of the toxic excretions of plants, and 
it is largely due to their failure to obtain positive reactions that the 
matter was dropped for many years. Investigations have been 
reported from time to time on the isolation of various humic acids, 
crenic, apocrenic, ulmic, etc., but the composition of the acids iso 
lated has been a most variable one, differing with each investigator 
and with each method employed. It would not be far from the 
truth to say that none of these acids have been shown to exist and 
that we know almost nothing about their chemical composition or 
constitution. 

The work of isolating and studying the nature of such bodies is 
now in progress, but it is necessarily slow and difficult to accomplish. 
In the first place, the amount may be very small, and, secondly, the 
composition of the organic matter of the soil is undoubtedly very 
conjplex, being made up of many individual organic compounds. The 
absorptive power of the soil for organic bodies is so very great that 
the ordinary solvents, such as water, alcohol, chloroform, etc., take 
out but very minute amounts of organic material, although this 
material may be quite soluble when not associated with the soil. 
The amounts of organic matter in ordinary soils is really, appreciably 
large, the average content being as high as 2.06 per cent for the 
soil and 0.83 per cent for the subsoil, as found in thousands of sam 
ples from all parts of the United States, covering in all 237 types of 
soil. It is obvious that this organic matter is of very complex com 
position, as its properties are quite different in soils from different 
localities. The amount of nitrogen also is considerable, as much 
as 0.1 to 1.0 per cent, and when we consider that only a small 
amount of this nitrogen is in the form of ammonium compounds or 
nitrate and that the larger amount is in organic form it is obvious 
that the problem is a very complex one, but one of great agricultural 
importance. 

In view of the diihculties which are encountered, and must be 
encountered for some time, in the isolation of these bodies by purely 
analytical methods, it was thought that the synthetic way of adding 
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bodies of known composition, known properties, and known deriva 
tion from plants to culture media, in order to study their properties 
and the effect which they might have upon plant growth, would 
answer the question whether such bodies are toxic to plants much 
sooner than could possibly be done by first isolating them from the 
soil and then trying their properties. Proceeding in this synthetic- 
manner, it is possible to reach a broader survey of the effect of organic 
plant remains and get a clearer conception of the manner in which 
these function in the soil. 

Plant remains contain such organic compounds in their tissues as 
we have studied, hence it is not improbable that these exist in the 
soil as such, or as decomposition products, or as compounds formed 
from them by the action of aerobic and anaerobic micro-organisms. 
Prominent among these organic compounds would be the carbo 
hydrates, proteids, and lecithins which exist in the living cells of every 
plant. During the decay of these complex organic bodies a large 
group of what are known as primarv degradation products are formed 
and from these, secondary decomposition products may result. 

Many of the normal decomposition products of proteids, such a.s 
leucine, asparagine, etc.. are not toxic, but appear to serve as direct 
nutrients for the plants, but others, like.tyrosine and products result 
ing from it, are inhibitive to plant growth. When proteids decom 
pose under unfavorable soil conditions they may give rise to substances 
more toxic than the original; for example, phenols, cresols, and aro 
matic acids, which may also result from tyrosine. Choline, a decom 
position product of lecithin, is moderately toxic to plant growth, but 
stimulates in low concentrations. Xeurine results from the action of 
bacteria on choline and the widely distributed lecithin, and is more 
over quite inhibitive to plant growth. 

The cumarin mentioned below as occurring in certain plants and 
quite inhibitive to plant growth may also be formed from carbohy 
drates by the action of certain mold fungi. One of the fungi which 
occurs in certain soils has the ability to produce quinone from pro 
teids. Small amounts of this quinone are harmful to plants and may 
injure growth unless it is converted into some harmless substance. 

A fungus which causes decay of wood has the ability to form vanil 
lin. This substance, which is toxic to plants, is commonly regarded 
as of rare occurrence, but is found in a number of common plants, 
and its derivatives may form a part of the organic constituents of the 
soil. 

The presence of pyridine and related bodies in soils is rendered not 
only possible but extremely probable by recent soil investigations. 
Hence a study of their properties is of value in relation to soil condi 
tions, and in general it may be said that pyridine and its compounds 
are distinctly toxic to plant growth. 
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Again, such substances as the terpenes are of interest in this con 
nection because of their probable presence in soils. In general, it 
may be said that terpene compounds are inhibitive to plant growth. 
One of the terpene derivatives, borneol, which is quite toxic to plant 
growth, occurs in pine needles and in the common golden-rod. The 
terpene comp nmds are widely distributed and are to be regarded as 
plant excretions. Their introduction into the soil is almost inevitable 
through the decay of plants, many of which are agriculturally classed 
as weeds and known to contain terpene bodies. Since the terpene 
bodies, as is well known, are antiseptics, they would not themselves 
be materially altered by micro-organisms of the soil, although many 
of them are subject to oxidation. They would, therefore, be likely 
to persist in the soil in one form or another for some time. The 
presence of terpene derivatives in the soil is therefore more than 
probable and where they are persistent they may affect the growth 
of plants on that soil. 

It has been demonstrated by the studies described in this bulletin 
that substances commonly used as fertilizers in agricultural prac 
tice have iu addition to their function as plant nutrients a well- 
defined power to overcome and actually destroy toxic bodies. Sub 
stances like nitrate of soda and lime, acting in cooperation with 
the activities of the plant roots, are able to destroy or render 
harmless various organic substances which previously had a toxic 
effect on the plants. This fact is believed to be of distinct value in 
the study of soil problems, because it is known that many cases of 
infertility are simply due to the presence in the soil of compounds 
having a toxic action upon plants. When such soils are extracted 
with water the solution when used as a medium for plant growth dis 
plays many of the same characteristics as are displayed by solutions 
of the organic compounds described in this bulletin. Such toxic soil 
extracts may be greatly improved by the addition of fertilizer sub 
stances, but up to the present the method by which amelioration was 
brought about had not been demonstrated. It had been distinctly 
shown, however, that amelioration was not due to the addition of 
plant nutrients, since equal, if not greater, improvement resulted from 
treatments which added nothing in the nature of plant nutrients. 
The present investigations become of value, therefore, in showing 
thai fertilizer substances have a power to act destructively upon dele 
terious organic compounds, especially when associated with the 
activities of growing plants. 

Tyrosine, one of the degradation products of the proteids, has been 
found unfavorable to plant growth, a fact which is believed to shed 
light upon the first effects of green manures. When tyrosine is dark 
ened by oxidation, it is changed in a manner analogous to the changes 
which occur during the decomposition of green manure. The dark- 



IN RELATION TO SOIL FERTILITY. 1 l 

colored solution that results from the oxidation of tyrosine is highly 
beneficial to plant growth and acts like an extract of well-rotted stable 
manure. Processes like this may occur during the decomposition and 
humification of organic matter in the soil. 

The beneficial effects of processes which involve oxidation are well 
illustrated by the effects of neurine, choline, and betaine. Neurine, 
which is very toxic to wheat plants, is not a highly oxidized com 
pound. Choline is more highly oxidized than neurine and is less toxic 
to plants. Betaine, which is still more highly oxidized than choline, 
is not at all toxic to plants in concentrations of 1,000 parts per million 
or less. 

It is therefore readily understood how processes of oxidation may 
improve soil conditions when we know that toxic bodies like choline 
and tyrosine are converted into nontoxic bodies by oxidation. When 
the soil possesses the proper amount of water and a proper physical 
condition, it is possible for changes to occur in the organic constitu 
ents, which changes, commonly known as humification," result in 
beneficial products. When the soil is saturated with water or is so 
packed that a sufficient supply of air is not afforded, then the organic 
matter maybe differently decomposed, giving organic compounds in a 
low stage of oxidation which are unfavorable to plant growth, and bring 
about toxic conditions which temporarily restrict the productivity of 
the soil. When certain plants are used as green manures it has been 
found unwise to plant a given crop immediately, because their effect 
upon plant growth is not beneficial. After sufficient time has elapsed 
for decomposition to go on a beneficial effect is produced by such 
green manures. The immediate harmful effect is presumably due 
to the presence of bodies like tyrosine, cumarin, and their derivatives. 
Cumarin, which also has properties toxic to plants, is the odorous 
principle of many sweet-scented grasses and clovers. Processes of 
oxidation, which are known to occur in all fertile soils, convert such 
vegetable substances into beneficial humus like bodies. 

THE EFFECT OF VARIOUS ORGANIC SUBSTANCES OF VEGETABLE 

ORIGIN. 

Continued study of the phenomena exhibited by poor soils has 
shown that the deleterious properties are often due to the presence 
of toxic organic compounds. Accordingly, it seemed profitable to 
investigate the properties of a number of organic substances of 
vegetable origin with relation to the growth of higher plants. Many 
of the substances tried have been studied by others as sources of 
nutrition for bacteria and fungi, but the effect upon the higher plants 
has not been so extensively studied. 
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METHODS. 

The experimentation consisted in studying the effect of a number 
of organic compounds upon seedling wheat plants grown in solutions. 
The compounds employed were, unless otherwise stated, the purest 
preparations obtainable upon the market. % 

The water used in making solutions was the ordinary laboratory 
distilled water treated with carbon black. This treatment makes 
the distilled water a good medium for plant growth, as was demon 
strated in Bulletin 36 of this Bureau. 

The experiments upon the action of various organic compounds 
upon plants were conducted with the pure preparations dissolved in 
carbon-treated distilled water. Whenever possible, the highest 
concentration employed was 1,000 parts per million. 

The concentrations of the individual compounds were usually 
1,000, 500, 250, 100, 50, 25, 5, and 1 part per million, but a number 
of the compounds used were soluble only in quantities less^han 1,000 
parts per million, and in these cases the range of concentrations was 
much smaller. Such instances are noted in the last column of 
Table I. 

The wheat was germinated according to the method described by 
Livingston, and in Bulletin 40 of this Bureau. The seedlings were 
put into the cultures at the stage when the first true leaf was begin 
ning to emerge from its sheath. Salt-mouth bottles, having a 
capacity of 250 c. c., were used as culture jars, and ten wheat plants 
were grown in each jar. 

Twenty wheat plants were used in testing each concentration and 
comparison was made always with an equal number of plants growing 
in carbon-treated distilled water under like conditions. During the 
seasons of the year in which the conditions for growth were the best, 
each experiment was continued for from eight to ten days, but during 
the cloudy winter weather some of the experiments were continued 
for twelve or fourteen days ; the exact length of time for each experi 
ment is given in the third column of Table I. 

The experiments were always set up in duplicate under such con 
ditions that individual variations could be eliminated. A brief 
survey of the plan of the experiments makes it evident, furthermore, 
that each culture in any given series constituted a control for the 
other cultures of that series. In addition each series was repeated 
several times, always in duplicate, according to the plan of procedure 
used for the first series. It is obvious that in this way each fact is 
really established by a large number of properly controlled experi 
ments and that the separate experiments become, on this account, 
a control one upon the other, thus forming a network of experiments, 
all showing the same general action. 

" Livingston, Plant World. 1), 13 (1906). 
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Two, and sometimes three, criteria of growth were employed, viz, 
transpiration, green weight, and turgidity. No one of these criteria 
can he regarded as absolute, but they usually agreed in indicating the 
order of results, which was the point sought for in these experiments. 

Transpiration, since it is proportional to the growth of leaves and 
roots, is a criterion capable of quite general application. The close 
relation between transpiration and the other reliable methods used for 
measuring growth has been shown by the investigations of Livingston 
and Jensen. 6 

The weight of the tops or of the entire plants in the fresh condition 
was also taken as a measure of their growth and as a means for com 
parison with the control plants. 

The condition of the root tips was also noted as an aid in deter 
mining the lethal concentration. When killed the root tips lose their 
turgidity and soon become slimy. Before this ensues they generally 
show indications of injury by discoloration in the region occupied 
by the most actively growing cells, or meristem. In some solutions 
the tips stop elongating and become swollen, simultaneous with more 
or less discoloration. 

The photographic reproductions, Plates I to VI, show in a general 
way the relative growth of the plants in comparison with their controls. 

Many of the substances employed produced an effect mainly upon 
the tops, others affected mainly the roots of the plants. In computing 
the effects of these different treatments, the transpiration figures 
are believed to be a more reliable indication of growth of wheat in 
water cultures, as far as the entire plant is concerned, than the weight 
of the green tops. Transpiration is more nearly proportional to the 
growth of both roots and tops; while the green weight is not at all 
an indication of root growth, and is moreover liable to some error 
in indicating the actual growth of tops. 

It is not to be inferred, however, that any one standard is an 
absolute measure of growth of wheat in water cultures, but when 
only one is used, transpiration appears to be much more accurate 
than the green weight of tops. 

COMPOUNDS ARISING FROM PROTEIDS. 

In the breaking down of proteid bodies there are formed a num 
ber of amido acids as intermediate products, which are more or less 
unstable. These substances not only appear in the decomposition 
of plant remains, but exist in very considerable quantities at the 
time of germination and in the seedling plant. These bodies are 
found in relatively large amounts in plants especially in members 
of the legume and mustard families, not only in the seedling stages 

a Livingston, B. E., Dot. Gaz., 40, 178 (1905). 
b Jensen, G. H., Bot. Gaz., 4, 11 (1907). 
7055 No. 4707 3 
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of the plants, but also in the roots, rootstocks, stems, buds, and in 
all parts which store up reserve material for the nutrition of the 
plant. Since plants of these families are extensively used in the prac 
tice of green manuring they may become important soil constituents. 

According to Dojarenko/ the amido-acid nitrogen forms a very 
considerable portion of the nitrogen in humus bodies (22 to 70 per 
cent). S. Su/Aiki,^ in studying the formation of humus, was able to 
show by the decomposition products obtained that proteid bodies 
were present. He was able to show the presence of alanine, leucine, 
amino-valerianic acid, proline, aspartic acid, glutaminic acid, tyro- 
sine, and histidine among the decomposition products obtained by 
treating the so-called humus precipitate with hot concentrated hydro 
chloric acid. 

Aspartic acid (C 4 H 7 NO 4 ) has been found in young sugar cane 
and in the molasses of the sugar beet. c It is probably not widely 
distributed in nature, but has been shown to exist in seedlings of 
the bean rf and pumpkin/ 

Aspartic acid was tested upon wheat seedlings, using concentra 
tions ranging between 1 and 750 parts per million. The plants 
were killed in solutions stronger than 500 parts per million, -pre 
sumably on account of the acid properties of the solution. In the 
solution containing 100 parts per million there was little injury, and 
below that no injury. 

Asparagine (C 4 H 8 N 2 O 3 ) is a water-soluble form of organic nitrogen 
material which is relatively abundant in plants. It was first found 
in the young shoots of asparagus and subsequently in a large number 
of other plants representing many different families.- 

a Dojarenko, Landw. Vers.-Stat., 5&lt;&gt;, 311 (1902). 

b Bull. Coll. Agr., Tokyo, 7, 513 (1907). 

cScheibler, Jahresb. Chcm., 1866, 399. 

d Mcrcadante, Ber. chem. Ges., 8, 823 (1875). 

Sehulzeand Barbieri, Ber. chem. Ges., 11. 710 (1878). 

/Delaville, Ann. ( him., 41, 298 (1802). 

Robiquet, jr., Ann. Chim., 55, 152 (1805). 

Vauquelin and Robiquet, Ann. Chim., 57, 88 (1805). 

Dessaignes and Chautard, Jour. Phar. (3), 13, 245 (1848). 
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PLATE I. 






FIG. 1. EFFECT OF FRESH AND DISCOLORED SOLUTIONS OF TYROSINE. 

[Wheat grown in: (1) Freshly prepared solution of tyrosine. 16 parts per million: (&gt;&gt; discolored 
solution of tyrosini 1 . originally containing 1(1 parts per million.] 




FIG. 2. EFFECT OF CHOLINE, FORMED DURING THE GERMINATION OF SEEDS AND 
DECOMPOSITION OF VEGETABLE MATTER. 

[Wheat grown in: (It Control in pure distilled water. (&gt;) solution of eholine. 1.000 jwrts per 
million: (3) .TOO parts: (4) 100 parts; (5) i"&gt; parts; (0) 5 parts; (7) 1 part.] 
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Asparagine forms a good source of nitrogen for fungi, 1 and bac 
teria. It is not toxic to higher plants in concentrations of 1,000 
parts per million and less, which were used in our experiments. It 
appears to serve, as Xakamura c has also shown, as a nutrient for 
the higher plants, although Klebs, d found that a concentration of 1 
per cent (10,000 parts per million) was suflicient to inhibit spore 
formation in a green alga. 

Glycocoll (C 2 II 3 NO 2 ), amido-acetic acid, is one of the simpler proteid 
degradation products found where decomposition is occurring. It 
forms a moderately good source of carbon for bacteria and fungi/ 
but a 1 per cent solution was found by Klebs d to inhibit zoospore 
formation in the alga Conferva minor. 

In our experiments with wheat seedlings glycocoll was beneficial 
to growth in a concentration of 1,000 parts per million and less. 

Alanine (C 3 H 7 NO,), or alpha-amidoproprionic acid, is of interest 
because of its relation to phenylalanine and tyrosine, two substances 
which are found in many plants. Alanine itself does not appear to 
have been found as yet in plants; it is known, however, as a very 
common splitting product of proteids. A solution of alanine con 
taining 500 parts per million was slightly injurious to the roots of 
wheat plants; in weaker concentrations no injury whatever was 
shown, and in fact growth was improved. 
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Tyrosine (C 9 H n NO 3 ) is one of the most important and most 
widely distributed proteid hydration products. Tyrosine exists as 
such in man} plant organs, especially those which contain appre 
ciable amounts of proteid, and is to be regarded as a splitting product 
of proteid. It has also been found in certain fungi. 6 The proteids 
are bodies of exceedingly complex constitution and under the stress 
of artificial chemical treatment, or natural processes, the complex 
structure is partially broken down and the chief products of this 
splitting up of the molecule are amino-acids of the paraffin series, 
such as glycocoll, leucine, aspartic acid, glutaminic acid, arginine, his- 
tidine, etc., and compounds of the aromatic series, such as phenyl- 
alanine, tyrosine, etc. The tyrosine group appears to be present in the 
proteid molecule, and to it are due some of the reactions shown by 
this class of bodies. 

Tyrosine in the culture bottles proved to have a very injurious 
effect upon wheat seedlings. At a concentration of 100 parts per 
million it killed the roots and injured the tops. It w r as likewise inju 
rious in a concentration as low as 16 parts per million. During the 

a For literature on tyrosine, see Reach, Virch. Arch., 158, 288 (1899). 

Schulze, Barbieri, and Bosshard, Zeit. physiol. Chem., 8, 63 (1884). 

Ritthausen, Die Eiweisskorper der Getreidearten, Bonn. 1872, 214. 

Bleunard, Compt. rend., 00, 1080 (1880). 

Fleurent, Compt. rend., 121, 216 (1895). 

Gorup Besanez, Ber. chem. Ges., 10, 781 (1877). 

Schulze and Barbieri. Ber. chem. Ges., 11, 710, 1233 (1878); Landw. Jahrb., 7 T 
411 (1878). 

Schulze, Ber. chem. Ges., 12, 1924 (1879); Jour, prakt. Chem., 135, 337 (1883); 
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1924 (1879). 
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Leitgeb, Mitteil. bot. Inst. Graz, 1888, 215. 

Lippmann, Ber. chem. Ges;., 17, 2835 (1884). 

Bambergerand Landsiedl, Monatsh. Chem., 25, 1030 (1904). 

Gonnermann, Arch, gesammt. physiol., 82, 289 (1900). 
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first few days the roots showed a pathological condition, and before 
the tenth day they were entirely dead. At a concentration of 1 
part per million there was a very slight increase in growth over the 
controls. The physiological action of different samples of tyrosinc 
was not always of equal intensity. 

Since tyrosine is so widely distributed in plants and results so 
readily from the decomposition of proteids, it is highly probable 
that it and its decomposition products are present in soils, at least 
as intermediary products of plant decay in the formation of humus. 
Especially interesting in this connection are the numerous products, 
such as the aromatic acids and phenols, which are so frequently 
found during the c ecay of the proteids, and all of which, as Bau- 
mann a has shown, are probably derived from the tyrosine group in 
the proteid by oxidation and reduction processes together with the 
splitting ofT of water, carbon dioxide, or ammonia. Thus tyrosine 
(C,H n NO 8 ) by reduction can yield hydroparacumaric acid (C 9 Hi O 3 ) 
and ammonia, and this in turn, by splitting off carbon dioxide, gives 
rise to p-ethyl phenol (C 8 II 10 O). By oxidation and splitting off of 
water this compound can yield p-oxyphenyl acetic acid (C 8 H 8 O 3 ) , and 
on splitting off carbon dioxide, p-cresol (C 7 H 8 O), 6 which on further 
oxidation and splitting off of water yields p-oxybenzoic acid (C 7 II O.,), 
and then phenol (C H 6 O) and carbon dioxide. 

All these products except the p-ethyl phenol are known as albumin 
decomposition products. Phenyl propionic acid and phenyl acetic 
acid, which are likewise albumin decomposition products, can also 
result from tyrosine by successive degradation. 

Bacteria seem to have the property of oxidizing tyrosine to 
ammonia, carbon dioxide, and water, as Iloppe-Seyler* has only 
found these substances as end products in proteid decay under 
certain conditions, tyrosine as well as leucine appearing only as inter 
mediary products. 

In Bulletin 40 it was shown that toxic soil conditions could arise as 
the result of the direct functioning of the plant. Since we know that 
the metabolic processes of plants are greatly affected by different 
conditions, it seems reasonable that under such conditions the char 
acter of the toxic excretions might likewise be changed, and show 
therefore widely different properties. 

It is well known that when seedlings are grown under different 
conditions the composition of the mixture of proteid degradation 
products is markedly changed. Under certain conditions the usu- 

Ber. c-hcrn. (i-8., 12, 1450 (1879). 

This has boon shown to be toxic to lupinos by True and Hunktl, Bot. iVntr., 7&lt;&gt;. 

289 (1898). 
Salk.iwski, Her. &lt;-h m. (MS., 12, 648 (1879); Z&lt;it. physi&lt;;l. Them., 9, 491 (1885). 

Kerry, M.m:iish. Chem., lo. sci 1S85). 
*Z&lt; it. j.hy.M. 1. rli. in.. S. LM4 (1884). 
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ally large accumulation of asparagine in legume seedlings has been 
found to give way to excessive formation of tyrosine and leucine. 
Bertel" lias shown that by excluding oxygen, and also under other 
conditions, larger amounts than are usually found of tyrosine accu 
mulated in the cells of the roots. 

These products of proteid degradation which occur in the processes of 
germination and plant growth are also largely affected by subsequent 
changes in the plants themselves, probably by the action of enzymes, 
oxidizing, and reducing the immediate degradation products of the 
albumin molecule, associated with n splitting of amido groups and 
carbon dioxide, giving rise to a very large number of possible decom 
position products of these primary proteid degradation products. 
The study of the further changes which tyrosine can undergo in 
lupine seedlings by Bertel is a good illustration of such transforma 
tions. He demonstrated that the large accumulation of tyrosine 
in chloroformed seedlings disappeared after some time with the for 
mation of homogentisinic acid and possibly its oxidation products, 
or at least with the formation of compounds giving reactions similar 
to those afforded by this acid. The proteid h} T dro lysis in plants is 
still too little understood to afford a clear conception of the processes 
which take place. Just what changes the primary hydra tion products 
undergo, and some of these changes are doubtless rapid, is but little 
understood, and it is evident that these metabolic processes of grow 
ing plants can not be. studied without taking into consideration such 
secondary reactions as those mentioned above. It is to such sec 
ondary changes that the differences between the mixture of amino 
acids formed by artificial hydration processes from proteids and that 
found in plants must be ascribed. Tyrosine, which appears in the 
first stages of growth of the lupine seedlings in considerable amounts, 
is soon changed further by the enzyme tyrosinase, w r hich is most 
plentiful in the upper portions of the roots. The homogentisinic 
acid, which results as the product of this reaction, accumulates accord 
ing to Bertel under certain conditions, while under normal conditions 
further oxidation of this substance takes place in the youngest por 
tions of the seedling roots. 6 

The nature of this change, as well as the end products; is still 
unknown. It is interesting in this connection that in the course of 
physiological stimulation (hydrotropism, heliotropism, geotropism) 
there is an almost universal transitory checking of this further oxi 
dation of homogentisinic acid, causing a temporary increase of the 
Jatter in the plant tissues/ 



afier. bot. Ges., 20, 454 (1902). 

In thLs connection see Schulze, E. Ber. bot. Ges., 21, 04 (1003); Schulze and 

&lt; ^toro, Zeit. physiol. Chem., 48, 387 (1906). 
Czapek, Her. bot. Ges., 20, 464 (1902); 21, 229, 243 (1903); Jahrb. wiss. Bot. 43, 
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Tho action of tyrosinase on tyrosine, changing it to homogentisinic 
acid, carbonic acid, and ammonia with oxygen absorption, l&gt;olongs 
probably to the most general processes of metabolism. Bacteria 
also produce tyrosinase, as was shown by Gessard for Jlacillus 
pyocyaneus, and by Lehmann* for other bacteria. Interesting 
in this connection is the appearance of guanidine in seedlings as 
found by Schulze c which probably results, through the action of 
such secondary changes as those mentioned above, from arginine. 

Upon long standing with exposure to air the tyrosine solutions 
appeared to have undergone this same change, all of them having 
become quite dark in color. The changes wrought were probably 
the same as those produced by the enzyme tyrosinase, which oxidizes 
tyrosine to homogentisinic acid which in turn gives rise to the dark- 
colored compound. 

An instructive result was obtained by studying the action of such 
a tyrosine solution which had suffered discoloration incident to age. 
The solution had become so dark in color that it resembled manure 
extract. It was diluted so that it was equivalent to a 10 parts per 
million solution of fresh tyrosine. This solution was used for grow 
ing wheat seedlings in comparison with a freshly prepared solution 
of equal strength. 

In a few days the plants in the two solutions showed pronounced 
di (Terences, which became greater as the experiment was continued. 
Plate I, figure 1 , shows the appearance of the plants when the experi 
ment was discontinued at the end of the twelfth day. The plants in 
the fresh tyrosine were more poorly developed than those growing in 
distilled water. The leaves were narrow and beginning to die at the 
tips; the roots were dead and had become slimy. The plants in the 
discolored tyrosine had made excellent growth. They resembled 
plants grown in manure extracts. The leaves were rich, green, broad, 
and making vigorous growth. The roots showed a similar good 
development. During the course of the experiment the plants in 
the fresh tyrosine had transpired 19 grams of water and attained a 
green weight of 580 milligrams. The plants in the discolored tyrosine 
had in the same time transpired 38 grams of water and attained a 
green weight of 040 milligrams. 

These results are believed to have importance in explaining the 
value and action of the so-called "green manures." As previously 
mentioned, tyrosine and related compounds are quite widely distrib 
uted in the vegetable kingdom. They may even increase in number 

"Compt. rend. Soc. Biol., 50, 1033 (1898). 

b Munch, raed. Woohensohr., 49, 340 (1902). 

cRer. rhem. GPS., 25, 658 (1892 1 ): Zoit. physiol. Chem., 17, 193 (1892): I.nndw. 

Vere.-Stat. 4. 383 (1895); Zeit. physiol. Thorn.. 30, 241 1 19011; Bor. l&gt;ot. GOB., 

21. (1903). 
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and in quantity when vegetable matter is allowed to decompose in 
the soil. Our experiments indicate that bodies like tyrosine and 
choline have a toxic action upon plants, but that these substances in 
a more highly oxidized stage are actually beneficial to plant growth. 
"When first applied to the soil, green manures may exert a depressing 
effect upon the growth of the crop. After time enough has elapsed 
for the decomposition of the vegetable matter with change to other 
compounds, the crop shows a marked benefit from the action of the 
green manure. 

Leucine (C 6 H 13 NO,), alpha-aminoisobutylacetic acid, is also a very 
common decomposition product of proteids. It also occurs in the 
fly agaric (Amanita muscaria), in vetches, lupine, gourd, molasses of 
the sugar beet, potatoes, blighted corn, etc. Laurent" found that 
leucine was a favorable nutrient for fungi. The effect of leucine 
upon wheat plants was studied by allowing the plants to grow in solu 
tions having a concentration of 500 parts per million or less. The 
growth of the plants was uniformly benefited by the presence of 
leucine. 

COMPOUNDS ARISING FROM LECITHINS. 

Choline b (C 5 H 15 XO 2 ) is widely distributed in the vegetable kingdom, 
in seeds and the growing parts of plants. It is not related to the 
proteid bodies directly, but forms a part of the molecule of the organic 

a Ann. Soc. Beige Micr., 14, 29 (1890). 

& Schulze, Zeit. physiol. Chem., 11, 365 (1887); 12, 405 (1888); 1 7, 140, 193 (1892); 

Ber. chem. Ges., 22, 1827 (1889); Landw. Vers.-Stat., 4G, 383 (1895). 
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Schmiedeberg and Harnack, Jahresb. Chem., 1876, 804; Arch. exp. Path., 6, 101 
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phosphorus compounds of both plants and animals, the lecithins, 
and is therefore always found as a product of the decomposition of 
these bodies. According to the observations recorded in the litera 
ture, choline is also found in various plant tissues associated with 
lecithin, and it does not follow that it must always be considered a,s a 
lecithin degradation product." 

Struvo 6 has further distinguished between lecithin and water- 
soluble choline compounds and water-insoluble choline proteid bodies, 
the existence of which in plants has not yet been demonstrated. 

The lecithins are closely related to the fats in constitution and are 
found in all vegetable tissues, being fully as widely distributed as the 
proteids and sugars, in all possible organs, and in every cell. Accord 
ing to Aso c small quantities of lecithin are present in soils rich in 
organic matter. The lecithin molecule contains the grouping of 
palmitic, stearic, or oleic acid, and the grouping of choline. The 
constitution of stearin lecithin may be represented by the following 
formula: 



.. 1135 
O.PO(OH).O.CH ? CH 2 

and that of choline thus: 

HO ^ 
(IIOKTLCH^ 

Choline can be prepared synthetically d and is a sirupy liquid or 
highly hygroscopic crystalline mass of alkaline reaction. By boiling 
in aqueous solution it is decomposed into glycol and trimethylamine. 

The lecithins are readily decomposed and split off choline and 
complex glycerophosphoric acids, which by further decomposition 
yield fatty acids, glycerin, and phosphoric acid. It is such a decom 
position which takes place in germinating seeds and also in seedlings 
in the absence of light. During the process of germination compara 
tively large quantities of phosphoric acid are found in the water in 
which the seeds are lying, and this again disappears as the seedling 
begins to grow. This fact has repeatedly been demonstrated with 
germinating .wheat in this laboratory, and the exudation of phos 
phoric acid by a large number of germinating seeds has also been 
shown by other investigators. 

"See especially Srhulze, Zeit. physinl. Them., 15.140 (1891), in this connection. 
& Ann. Clicni.. 330, 374 (1903). 
&lt; Bui. Coll. Agr., Tokyo, 6, 277 (1904). 
&lt;1 Wurtz, Compt. rend., 65, 1015 (1868). 
Schmidt and Bode, Arch. Phar., 229, 469 (1891); Ann. Them.. 27, LM58, 300 

(1891). 

Kruger and Bergell, Ber. rhem. Ges., 36, 2901 (1903). 
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This liberation of phosphoric acid by germinating seeds is the direct 
result of such decomposition of the lecithins as described above. 
According to Zalewski," this decomposition of the lecithins is due to 
an enzyme. He has further shown that organic phosphorus com 
pounds are. quickly and almost totally decomposed by this enzyme 
during the process of germination, only 2 per cent remaining unat- 
tacked. The decomposition of lecithin by bacteria, with the forma 
tion of choline, has also been studied by Ruata and Caneva, 6 and 
observations of choline in the presence of certain bacteria were also 
made by Schmidt. c 

Choline is formed as a product of this decomposition of the leci 
thins, and its wide distribution in the vegetable kingdom is there 
fore not at all surprising, and under certain circumstances the quan 
tity liberated in this process may be, comparatively speaking, large. 

The effect of choline on seedling wheat plants was therefore tried. 
The choline was obtained in a pure form (Merck s) and when intro 
duced in varying amounts into water cultures of wheat it showed 
itself to be mildly toxic to wheat seedlings. The plants grown in 
this solution are shown in Plate I, fig. 2. In the lower concentra 
tions, from 1 to 100 parts per million, the seedlings, more especially 
the roots, were stimulated to increased growth, behaving in this 
respect like other minute amounts of toxic materials and similar 
to the effect displayed when a toxic soil is treated with an absorb 
ing agent or sometimes when merely diluted with water, as shown 
in a previous bulletin. Concentrations above 100 parts per million 
were distinctly toxic, producing a retardation in root and top develop 
ment, although even a concentration of 1,000 parts per million was 
not fatal to the plants. 

The almost universal distribution of choline directly in plant tissues 
and as the degradation product of the lecithins makes its presence 
in soils in which plants are growing and decaying highly probable, 
at least as an intermediary product of the changes which take place 
in the plant remains in the soil, and this has a still greater signifi 
cance when we consider the closely related body neurine. d Neurine 
(C 5 H 13 XO) is in all probability formed from choline or its mother sub- 

" Ber. hot. Ges., 24, 285 (1900). 

& Ann. d igiene sperim., 11, 341 (1901). 

c Arch. Phar., 229, 467 (1891). 

d Hofmann, Compt. rend., 47, 558 (1858). 

Liebreich, Ber. chem. Ges., 2, 12 (1869). 

Brieger, Ber. chem. Ges., 16, 1186, 1405 (1883); 17, 516, 1137 (1884). 

Marino-Zucco, Ber. chem. Ges., 17, 1043 (1884). 

Hundeshagen, Jour, prakt. Clicm., 186, 245 (1883). 

Gulewitsch, Zeit. physiol. Chem., 26, 175 (1898). 
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PLATE II. 




FIG. 1. EFFECT OF PIPERIDINE, FOUND IN PEPPER PLANTS AND OCCURRING IN MANV 
VEGETABLE POISONS LIKE ALKALOIDS. 

[ Wheat grown in: (1) Solution of piperidine, . r &gt;00 parts per million: C- i I .V) parts; (3) 100 parts 
(4) 2f&gt; parts; (5) 1 part: ((&gt;) control in pure distilled water.] 




FIG. 2. EFFECT OF QUINONE, FOUND TO RESULT FROM THE ACTION OF A SOIL 
FUNGUS ON PROTEIDS. 



[\Vlu-at grown in: (1) Solution of qninniie. :&lt;n pa n- per million: &gt; J _ "&gt; purt-x; (:{) 10 parts: 
1 art; C&gt;) control in pun- ili*tillo&lt;l water.] 



& 



FIG. 1. -EFFECT OF VANILLIN, FOUND IN VANILLA BEANS, LUPINES, BEETS. ROOTS, 
OATS, DECAYED WOOD, ETC. 

[Wheat crown in: &lt; 1 &lt; Solution of Vanillin, 1.000 parts per million: (2i 500 parts; (3) 100 parts 
(4) 25 parts; CM 1 part: it,) control in pure distilled water.] 




FIG. 2. EFFECT OF CUMARIN, OCCURRING IN TONKA BEANS, SWEET SCENTED 
GRASSES, SWEET CLOVER, ETC., AND FORMED BY THE ACTION OF MOLD 
FUNGI ON CARBOHYDRATES. 

[Wheat crown in: (1) Control in purr distill. -&lt;1 watrr: rJi volution of cnniarin. 1 part P.T million; 

- i parts: Hi :*&gt;|. 
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stance, lecithin, by the life processes of certain microorganisms, but 
has not yet been found in plants as such. By the action of dilute 
sulphuric acid lecithin is slowly decomposed, the choline under these 
circumstances being also readily changed to neurine. Xeurine and 
choline can, moreover, be changed from one to the other by artificial 
processes. The close relationship of these two compounds is shown 
by the following formulas: 

H0\ IfO\ 

(IIO)CILCH 2 / CII,=CII/ 

Choline Xeurine. 

The neurine differs from choline by having one molecule (if water 
less in its composition. Xeurine belonging to the class of bodies 
known as ptomaines or toxines is very poisonous when introduced 
into the animal organism, and it was also found to be far more toxic 
to wheat seedlings in water cultures than was the choline. 

A sample of neurine, prepared by Merck, was tested in water 
cultures with wheat seedlings in the same manner as choline. The 
lowest concentrations (6 parts per million) stimulated the growth, 
thus being analogous to the action of choline and toxic substances 
generally in low concentrations, but the plants were already greatly 
injured in a solution containing 25 parts per million, and a solution 
of 250 parts per million killed the seedlings in a few days. When the 
neurine was neutralized with acetic acid the same effects were ob 
tained. It is thus evident that the neurine is very much more toxic 
than corresponding quantities of the higher oxygenated choline. 
which can even serve as a source of carbon for microorganisms. 
This toxicity of neurine to plants, in view of the fact that it can be 
formed under certain conditions by the action of microorganisms on 
the widely distributed choline and lecithin of plant remains, as well as 
by quite simple chemical reactions from choline, has considerable 
interest in connection with toxic soil conditions and the improve 
ment following nitrification in such soils. The process of nitrifica 
tion consists in the intermediary formation of nitrous acid. Xeurine, 
as is readily seen from the formula, contains the vinyl group having 
a double linking of carbon atoms. Compounds of this nature readily 
add nitrous acid, forming very unstable and highly reactive nitroso 
derivatives which undergo further changes. It is possible, there 
fore, that if a hotly like neurine existed in a soil the nascent forma 
tion of nitrous acid might bring about a deep-seated change, render 
ing the toxic material harmless. 



"Schmidt and \\\&gt;iss, An-h. Phar., 229, 481 (1891). 
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Betaine or oxyneiirine (C 5 II H XO 2 )/ which is closely related to 
both choline and neurine, is also found widely distributed in 
seeds and plants and can be derived artificially from choline by 
oxidation, with loss of water. In contrast with the toxic neurine, 
this oxyneurine was distinctly beneficial to the seedlings which grew 
well in concentrations ranging from 1,000 to 5 parts per million. 
It is classed by Loew b among the compounds serving as a good source 
of carbon for bacteria and lower forms of plant life. It will be noted 
that this behavior of neurine, choline, and betaine toward wheat 
is in harmony with the results noted previously in this bulletin in 
the case of tyrosine or homogentisinic acid, namely, that the oxidized 
form of a toxic substance may be entirely harmless or even beneficial. 

OTHER NITROGENOUS BODIES. 

Urea derivatives. Alloxan (C 4 H,N 2 O.j), the urei de of mesoxalic 
acid, has not been reported as occurring in plants, although alloxantin, 
a product of the reduction of alloxan, c has been prepared from con- 
vicine. This convicine is obtained from the seeds of Vicia faba and 
V. saliva and from beet juiced 

Alloxan is stated by Loew e to be an unfavorable source of carbon 
for bacteria. At the end of ten days the wheat plants which had 

"Ritthausen and Weger, Jour, prakt. Chem., 138, 32 (1884 1. 

Maxwell, Am. Chem. Jour., 13, 469 (1891). 

Scheibler, Zeit. Chem., I860, 279; Ber. ehem. Ges., 2, 292 (1869); Ber. cheni. 
Ges., 3, 155 (1870). 

Friihlingand Schultz, Ber. chem. Ges., 10, 1070 (1877). 

Schulze and Urich, Landw. Vers.-Stat., 18, 296, 409 (1875). 

Andrlik, Velig and Stan6k, Biochem. Centr., 1, 303 (1903). 

v. Planta, Ber. chem. Ges., 23, 1699 (1890). 

Orlow, Just s hot. Jahresb., 1897, II, 102; Chem. Centr., 1898, I. 37. 

Naylor, Phar. Jour. Trans., 00, 279 (1898). 

Liebreich, Ber. chem. Ges., 2, 13, 167 (1869); 3, 161 (1870). 

Husemann, Arch. Phar., 206, 216 (1875). 

StanSk, Chem., Centr., 1902, I, 1050; 1903, II, 24; Zeit, physiol. Chem.. 47, 83 
(1906). 

Willstatter, Ber. chem. Ges., 35, 2700 (1902). 

Andrlik, Chem. Centr., 1904, II, 309. 

Griess, Ber. chem. Ges., 8, 1406 (1875). 

Marme and Husemann, Ann. Chem. Suppl., 2, 383 (1863). 

Marme and Husemann, Ann. Chem. Suppl., 3, 245 (1864V, Arch. Phar., 207, 289 
(1875). 

Kraut, Ann. Chem., 182, 180 (1876). 

Schulze, Ber. chem. Ges., 22, 1827 (1889); Zeit. physiol. Chem., 17, 193 (1893). 

Schmidt and Schutte, Arch. Phar., 229, 523 (1891) 
&Loew, Bui. Coll. Agr., Tokyo, 2, 51 (1894). 
c Ritthausen, Jour, prakt. Chem.. 132, 218 (1881); 167, 487 (1899); 137, 259 (1884); 

! .( r. chem. Ges., 29, 894, 2106 (1896). 
dvon Lippmann, Ber. chem. Ges., 29, 2653 (1896). 
Loew, Chem. Energie d. lebenden Zellen. Munchen, 1899, 69. 
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grown in the solution of alloxan containing 1,000 parts per million 
were dead, those in 100 parts per million were injured, while those in 
concentrations of 25, 5, and 1 parts per million were somewhat 
stimulated. Alloxan thus exhihits all the properties of a toxic sub 
stance in its action upon the growth of plants. 

Guanine (C 5 H 3 N 5 O), which is a constituent of guano, has also been 
found to be a product of the autolysis of yeast." It appears to 
be rather widely distributed and has been found in the seeds of 
vetch, alfalfa, clover, and gourd, 6 in germinating barley, r in sugar 
beet/ and in sugar cane/ Guanine is so slightly soluble in water 
that it was not possible to test its action in solutions having a con 
centration greater than 40 parts per million. Its effect upon wheat 
plants was tried in concentrations of 40, 20, 10, 5, and 1 part per 
million. In all these concentrations the guanine had a slightly bene- 
fic ial effect upon the growth of the plants. 

Xanthine (C r ,II,N 4 O 2 ), which is closely related to guanine, has been 
reported as occurring in a number of plants/ 

Xanthine is so difficultly soluble in water that it was only tested in 
concentrations of 25, 10, 5, and 1 part per million. In all of these 
concentrations it exerted a slightly beneficial effect. 

Guanidine (CII 5 NJ has been demonstrated in plants by Schulze^ 
and von Lippman,? and according to the investigations of Kutscher 
guanidine may arise from the. oxidation of arginine which is another 
proteid decomposition product found in plants. Interesting in this 
connection is the appearance of guanidine in seedlings, reporteil by 
Schulze, which probably results by further changes from arginine. 
Guanidine may be formed artificially by the oxidation of guanine. 
Guanidine was first shown to be toxic to plants bv Kawakita, J who 
found that a concentration of 2,000 parts per million guanidine 
hydrochloride was sufficient to kill young barley plants in three days. 

a Schutzenberger, Ber. chem. Ges., 1, 192 (1869V 

*&gt; Schulze, Zcit. physiol. Chem., 9, 420 (1885); 10, 80, 326 (1886); Jour, prakt. 

Them. (2), 32, 433 (1885). 
fUllik, Them. Centr., 1887, 829. 
dvon Lippmann, Ber. chem. Ges., 29, 2645 (1896). 
Shorey, Jour. Am. Chem. Soc., 21, 609 (1899). 
/Salomon, Dubois Arch., 1881, 161, 361; Bot. Jahn-sber. 1880 ( 1 &gt;. 290. 

Schulze, E., Landw. Jahrb., 12, 909 (1883); Jour, prakt. Chem.. 35, 337 (1883); 
Landw. Vere.-Stat., 46, 383 (1895). 

Schulze and Steiger, Zeit. physiol. Chem., 9, 43 (1887). 

M -imzzi, Ber. chem. Ges., 21, 619 (1888). 
nsky, Zeit. physiol. Chem., 8, 395 (1884). 

von Lippmann, Ber. chem. Gee., 29, 2645 (1896). 
eZeit. phyaiol. Chem., 17, 197 (1892). 
h Ber. chem. Ges., 29, 2645 (1896). 
/it. phyniol. Chem., 82, 413 (1897). 
J Bul. 0,11. Agr., Tokyo, 6, 182 (1904). 
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He also found that while fungi were able to utilize guanidine hydro- 
chloride as a source of nitrogen they were unable to use it as a source 
of carbon. 

Guanidine carbonate in distilled water was tested on wheat plants 
in concentrations of 1 ,000 parts per million and less. The plants were 
killed in solutions of 100 parts per million and stronger in nine days. 
In all the lower concentrations, including 1 part per million, the 
wheat plants were seriously injured. 

vSkatol (C 9 H 9 X) is a common product of putrefaction of proteid 
materials and is known to be the product of the activities of certain 
bacteria. In solutions skatol proved to be somewhat toxic to wheat 
plants. A concentration of 200 parts per million was sufficient to 
kill seedling plants in nine days, and in the same time a concentration 
of 50 parts per million was injurious. In those concentrations where 
skatol had a harmful effect the roots of the wheat plants were more 
injured than the tops. 

Pyridine (C 5 H 5 X) forms the nucleus upon which are built many of 
the alkaloids. It is obtained chiefly from coal tar, but may also be 
obtained from a number of alkaloids, such as nicotine, trigonelline, 
sparteine, and cinchonine, when these are highly heated, treated with 
alkalies, or distilled with zinc dust. Pyridine is a colorless liquid of 
penetrating odor and basic properties. 

The action of pyridine and its homologues has received added 
importance for agriculture as a result of the investigations of Shorey, a 
who obtained pyridine by the dry distillation of soil. The author 
cited says (p. 37): "As the fat in this soil was found to be only 
0.005 per cent, it does not seem likely that the pyridine formed was 
due to the formation of the pyridine ring by condensation, but 
rather that it exists already in some form in the soil." Pyridine was 
also obtained from the same soil after extraction with ether; hence 
it seems that the view taken is the correct one. The presence of 
pyridine-like substances in soils was suggested by Berthelot and 
Andre, 6 who attempted to isolate the compounds which give the 
characteristic odor to soils. 

Laurent c found that a 1 per cent solution of pyridine was toxic to 
the fungi which he studied. It has been observed by Falkenburg^ 
that the vapor of pyridine and some of its homologues is poisonous 
to bacteria. 

In the experiments with wheat seedlings it was found that pyridine 
although not sufficiently toxic at a concentration of 1,000 parts per 

" Shorey. Kept, on Agr. Investigations in Hawaii, 1905; Bui. 170, Off. Expt. Sta., 

T. S. I)i-pt. Agr., 1906. 

Ili-rthelotet Andre, Compt. rend., 112, 598 (1891). 
c Laurent. Ann. Soc. Beige Mier., 14, 29 (1890). 
dCzapek, Biochemie der Pflanzen, II, 926. 
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million to kill wheat plants in nine days, was nevertheless very inju 
rious, especially to the growth of the green parts of the plants. In 
a concentration as low as 50 parts per million the growth of the tops 
was inhibited and the leaf tips turned brown. In the lower concen 
trations there was no stimulation of-growth. 

Picoline (C 5 H 4 X.CH 3 ), or methyl pyridine, was toxic to wheat 
plants, but only killed in the concentrations of 1 ,000 parts per mil 
lion, and did not cause injury below 500 parts per million. The 
injury seemed to be manifested by the tops more than by the roots, 
thus resembling the action of pyridine. 

Piperidine (C 5 H n X), or hexahydropyridine, is known to occur in 
nature, for example, in the pepper plant, and forms the nucleus of 
many alkaloids. Solutions of piperidine killed and injured at a 
lower concentration than either pyridine or picoline. A sample of 
piperidine that was neutralized with acetic acid proved to be more 
toxic than the strongly alkaline piperidine itself. Piperidine seems 
to injure the roots more severely than the tops. 

Quinoline (C 9 H 7 N) forms the nucleus of many alkaloids found in 
plants belonging to the families Rubiacea? and Loganiacea*. Falken- 
burg u found that quinoline was toxic to bacteria in a concentration 
of 2,000 parts per million. Reference to Table I shows that quino- 
line was sufficiently toxic to kill wheat plants at a concentration of 
500 parts per million. So low a concentration as 5 parts per million 
affected them injuriously in six days. None of the lower concentra 
tions caused stimulation of growth. 

Ricin is the poisonous (for animals) principle of the castor oil 
plant (Iticinu$ communis). Its chemical composition is unknown, 
but it probably is a toxalbumen. Bokorny 6 found that ricin was 
very slightly toxic to algae and infusoria. On account of its insolu 
bility no tests could be made upon solutions having a concentration 
greater than 50 parts per million. The wheat plants were injured 
to a slight extent in solutions below 30 parts per million, but most 
of the injury found was in solutions containing 40 and 50 parts per 
million. The roots always showed greater injury than the tops. 

Muein has been isolated from various animal tissues, and in one 
instance from plants, viz, the yams, Dioscorea japonica and It. 
fxitnfas. c Mucin is comparatively insoluble in water, and hence a 
wide range of concentrations was not available for testing its prop 
erties upon plants. In a saturated solution there was practically no 
i:ro\uli of the roots of the wheat plants. In a solution of 100 parts 
p -r million, which is somewhat below the point of saturation, the 

k. Biochemie der Pflanzen, II, 926. 

MmUrny. Tli.. An-li. trrsammt. Physiol., 64, 262 U86&gt;. 
Ishii. l.an.hv. \Vi&gt; St ;l i . 45, 434 (1894); Beihtfte Dot. Centr., 6, 20(1896); Bui. 

&lt;.,!!. A-r., Tuky,,. _. 
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plants were seriously injured, both in the growth of roots and of 
tops. At a concentration of 5 parts per million mucin had a stimu 
lating; effect upon the growth of wheat plants. Both roots and tops 
were better than those of plants grown in distilled water. 

NONNITROGENOUS BODIES. 

Pyrocatechin (C,.H 4 (OH) 2 ), or o-dioxybenzene, has been found in 
the sap of Mimosa catechu, in the green leaves and berries of Ampe- 
lopsis quinquefolia, a in the sap of sugar beets, 6 and in several spe 
cies of willow. 6 The characteristic black color which the leaves of 
certain species of willows assume upon drying is probably the result 
of the oxidation of the pyrocatechin through the activity of an 
oxidase. Pyrocatechin may be formed as a decomposition product 
from many aromatic vegetable compounds, and even from sugar. 
It was shown by Yabe to be fatal to yeast cells and bacteria when 
used in concentrations of 0.4 to 0.58 per cent. d 

The effect of pyrocatechin was harmful, though not as toxic as 
some substances tried. Like many other toxic agents it \vas stimu 
lating at low concentrations. The solution of 1 part per million 
gave slightly better plants than the control in distilled water. 

Arbutin (C 12 H 16 O 7 ), which is a glucoside of hydroquinone (para- 
dioxybenzene) is widely distributed among plants, especially in the 
Ericaceae, or heath family. Klebs e found that a 0.5 per cent solu 
tion of arbutin inhibited zoospore formation in Conferva minor. In 
its effect upon wheat plants arbutin is quite similar to pyrocatechin. 
It causes injury at about the same concentration and exerts a stimu 
lating effect in the lower concentrations. 

P}^rogallol (C 6 H 3 (OII) 3 ) has been more or less extensively tried on 
wheat seedlings and its effects described in experiments reported in 
Bulletins 28, 36, and 40 of this Bureau. In solutions of greater 
concentration than 25 parts per million it is usually toxic to wheat 
plants, but is stimulating in low concentrations. It was oxidized 
by the roots of the plants growing in it. 

Phloroglucin (C H 3 (OH) 3 ), like pyrogallol, is not found as such in 
plants, but may be derived from several aromatic plant constitu 
ents. Its toxic properties have been described by Bovert/ Refer 
ence to Table I shows that its toxic properties are quite similar to 
those of pyrogallol. In common with pyrogallol this substance was 
oxidized by the roots of the seedling plants which grew in it. 

fl v. Gorup Besanez, Ber. chem. Ges., 4, 905 (1871); Sitzungsb. med.-phys. Soc. 

Erlangen, 5, 39 (1873). 

Lippmann, Ber. chem. Ges., 20, 3298 (1887). 
\Vccv.-rs, Jahrb. wiss. Bot., 39, 229 (1903). * 
&lt;*Yalx&gt;, Bui. Cull. Agr.. Tokyo, 2, 73 (1894). 

Die Bedingungen der Fortpflanzung bei einigen Algen u. Pilzen. Jena, 1896. 
/Jour, prakt. Chem., 127, 445 (1878); Ber. chem. Ges., 12, 2012 (1879). 
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Vanillin (C 8 II 8 O 3 ), the aromatic principle of the vanilla bean, is 
methyl protocatechuic aldehyde. It is probably not found as such 
in living plants, but exists in the form of a glucoside, which breaks 
down into vanillin and a sugar when the plant organs are dried. The 
glucoside, which gives rise to vanillin, probably occurs in a large 
number of plants. Vanillin, or substances which give rise to it, has 
been reported in oats (seeds and roots)," seeds of the white lupine, 6 
asparagus shoots, in raw beet sugar/ in Ilex leaves,* in dahlia roots/ 
etc. According to von Lippmann vanillin seems to arise during the 
decay of wood under certain conditions.^ 

Behrens* reported that when the odorless sap of fresh vanilla 
leaves was boiled with dilute sulphuric acid a perceptible vanilla odor 
was detected. Busse 1 has shown that the characteristic vanilla odor 
is obtained when the sap of the fruits of the vanilla bean (Vanilla 
pompona) is acted upon by emulsin. This would indicate that the 
plants contained a vanillin glucoside. 

Vanillin solutions were shown by Klebs- to be fatal to the alga, 
Conferva minor. 

The solutions of vanillin were distinctly toxic to wheat seedlings 
in our experiments, 500 parts per million being sufficient to kill 
wheat plants in nine days. In all the stronger concentrations the 
roots were quickly killed and became slimy. Before death ensued 
the roots were able to oxidize part of the vanillin to a purple insoluble 
dye which was deposited upon the surface of the roots. Reference 
to Plate III, figure 1, will show that the roots of plants grown in 
concentrations greater than 100 parts per million are dyed a dark 
color as a result of the oxidation of the vanillin. The toxic effects 
of the vanillin were less marked upon the tops of the wheat plants 
than upon their roots, nevertheless the green weight of the tops in 
all solutions was less than that of the tops of control plants grown in 
distilled water. The green weight of tops of plants grown in a 
Minillin solution so dilute as 1 part per million was 91 per cent of the 
controls and their transpiration was 72 per cent of the controls. 

In some later experiments a few instances were found in which 
vanillin exerted a stimulating effect upon root growth when used 

" &lt;1. Rawton, Compt. rend., 125, 797 (1897). 

b Cainpani and Grimaldi, Chem. Centr., 1888, I, 377. 

1 vim l.ippmann, Ber. chem. Gee., 18, 3335 (1885). 

Srheibler, Ber. chera. Ges., 18, 335 (1880): Lippmann, ibid., 662. 

i.-nske and Rune, Arb. kais. Gesundheitsamt. 15, 171 (1899. 
ii, Ann. chiin., 24, 209 (1823); von Lippmann. Ber. chem. G&lt;*., 8, 4147 

. 1906). 
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in the lower concentrations. This may perhaps be regarded as a 
phenomenon commonly exhibited by the oxybenzenes and their 
derivatives. 

Vanillic acid (C 8 I1 8 O 4 ), a monomethyl-protocatechuic acid, may 
be formed by the energetic oxidation of the aldehyde vanillin, or of 
coniferin. The solutions of vanillic acid showed marked toxic prop 
erties toward wheat plants. As in the case of vanillin, the oxidizing 
power of the roots formed, in the higher concentrations, an insoluble 
purple-brown dye which was deposited upon the surface of the roots. 
(Plate V, fig. 2.) Wheat plants were killed in seven days in the solu 
tions containing 100 parts per million of vanillic acid. At a con 
centration of 25 parts per million only the roots of the plants were 
poorer than the control plants. In concentrations of 5 parts per 
million and 1 part per million the roots and tops were all better than 
those of the control plants. It thus appears that the vanillic acid 
is less inhibitive of root growth than the aldehyde, vanillin; in this 
respect it resembles more closely the action of the oxybenzenes than 
does vanillin. 

Quinic acid (C 6 H 7 (OH) 4 .COOH) is found in cinchona bark, always 
accompanying the alkaloid, quinine. It is also found in other 
rather distantly related plants; in beet leaves," in moor hay, 6 in 
cranberry leaves, 6 and in other plants. 

By the action of mold fungi quinic acid is broken up into pro- 
prionic acid, acetic acid, and formic acid. 

In all except the more dilute solutions quinic acid was very toxic 
to wheat plants. At the end of ten days the entire plants in concen 
trations of 1,000 and 500 parts per million were dead; in 100 parts 
per million only the roots were dead. In concentrations below 50 
parts per million the plants were as good as the controls grown in 
distilled water, and in the solutions containing 5 parts per million 
there was slight stimulation of growth. 

Quinone, C 6 H 4 O.,, benzoquinone, may be prepared artificially from 
quinic acid or from hydroquinone. It is a compound of interest in 
the study of soil problems since Beijerinck d has found that a soil 
fungus, Streptothrix chromogena, has the ability to form quinone from 
proteids. 

Quinone has been shown to be toxic to yeast by Laurent e and to 
the seedlings of various plants, algae, and fungi by Furuta/ The 
last named investigator found that in concentrations of 1,000 and 

a von Lippmann, Ber. chem. Ges., 34, 1159 (1901). 
&Loew, O., Jour, prakt. Chem., 19, 309 (1878); 20, 476 (1879). 
cHuseman-Hilger, Pflanzenstoffe, 2, p. 1399. 
/Bcijci-inck. Ccntralbl. f. Bakt., Abt. 2, G, 2(1900). 

Arch. N&lt;-&lt;-rl:m&lt;I. d. Sc. exactes ct nat. (3), 3,. 327 (1900). 
Laurent, Ann. Soc. beige. Mier., 14, 29 (1890). 
/Furuta. Hul. foil. Agr., Tokyo, 4, 407 (1902). 
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PLATE IV. 




FIG. 1. EFFECT OF CINNAMIC ACID, FOUND IN CERTAIN PLANTS AND RELATED TO 
CUMARIN. 

[Wheat tfrown j n: ,D Control in pure distilled water: &gt; 2) solution &lt;&gt;f cinnamic acid. 1 jmrt per 
million; (3i -t j&gt;arts; (4) 50 pans; &gt;5) 100 parts; (6) iiO parts.] 




FIG. 2. EFFECT OF ESCULIN, CLOSELY RELATED TO CUMARIN AND FOUND IN VARIOUS 
PLANTS. 

[Wheat grown in: tl ) Solution of esrulin. 1.000 |&gt;art.s per million: (2&gt; .V) |rt: (3i 100 |art&gt;: 
(\) & parte; (5) 1 part; (tj) control in pure distilled water.) 
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PLATE V. 




FIG. 1. EFFECT OF HELIOTROPINE. 

[Wlu-ut grown in: 1 1 1 Solution of heliotropine. 1.000 parts per million: r_) .VMl parts; (H. KM parts; 
(I) 25 parts; (5) 10 parts; (ti) 1 part; (7) control in pure distilled water.] 




FIG. 2. -EFFECT OF VANILLIC ACID. 



p.wn in: i 1 &gt; Solution of vnnillir ari.l. :*&gt; |uir:- |-r in: :" i- 

i 1 iir -. _.&gt; pur:-. 6 . part-; .Til pun. &gt; control in pure distilled water] 
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500 parts per million the roots of soy bean and wheat seedlings were 
injured within a few hours and killed in three or four days. Fila 
ments of algje were killed in a concentration of 1,000 parts per million 
in three or four hours and fungi in a somewhat longer period. 

By reference to Table T (see p. 38) it will be seen that quinone 
was one of the most active poisons employed in the series of 
experiments. Wheat plants were entirely killed in solutions con 
taining 100 parts per million and seriously injured in solutions con 
taining 50 parts per million. In the lower concentrations, including 
1 part per million, there was a slight inhibition of growth. No 
stimulation of growth was noticed in any of the concentrations tried. 

Cinnamic acid is a phenol acid which is present in the bark of cer 
tain plants and forms esters which are found in the leaves of various 
other plants. Its effects upon the growth of seedlings was studied 
on account of its relation to cumarin. Cinnamic acid was found 
by True," to be fatal to the root tips of Lujrinus aUnis in twenty- 
four hours when employed in a concentration of - (12 parts 

12800 

per million). The same investigator also found that sodium cinna- 

mate was toxic to root tips when emploved in a concentration of 

800 

(184 parts per million). Using a slightly different method and differ 
ent plants, the results obtained with wheat seedlings varied, naturally, 
from those obtained with lupine. The same relations, however, hold 
true in both cases. Cinnamic acid is strongly toxic for seedlings, and 
its stxlium salt is moderately toxic. Cinnamic acid is particularly 
toxic to the growth of roots. Reference to Plate IV, figure 1, shows 
that in all concentrations the growth of roots was inhibited. In fact 
it was only in concentrations weaker than 25 parts per million that 
there was any elongation of roots. 

Cumarin (Cyll^Oj) is a lactone of orthocumaric acid which may 
he regarded as oxy-cinnamic acid. Cumarin is a substance which 
li;i&gt; been found in a number of plants in different families of the plant 
kingdom. Among others, cumarin has l&gt;een reported in the follow 
ing plants: In grasses, viz, Anthoxanthum (Sweet Vernal), Hiero- 
chloe (holy grass), Milium, China, 6 in various dicotyledons, viz, 
Hi iT.ijiria, Ruta (common beet), Pnmm mahaleb, Dipterix, Melilotus 
-uc&lt;-t clover), Toluifera, Ali/xia stel1ata, c the tubers of Vitis sessi- 



aAiu. Jour. Sci. (4), 9, 182 (.1900). 
*Poulsen, Hot. Centr.. 15, 415 (1883). 
f Proc. Araer. Phar. Asaur. 36, 581, (1888). 



34 CERTAIN ORGANIC CONSTITUENTS OF SOILS 

flam, 1 (idliuni triftorum (bedstraw), 6 Asperula odorata (woodruff), 
Ageratum mexicanum, c and Liatris odoratissima. d 

Ortho-cumaric acid and o-hydrocumaric acid (Melilotic acid) are 
found in Melilotus, the sweet clover/ in addition to cumarin. 

Para-hydrocurnaric acid, although it has not been reported in 
plants, is of interest on account of its relation to tyrosine. Through 
the action of bacteria, the amide group in tyrosine is broken up and 
ammonia liberated, thus giving rise to p-hydrocumaric acid. It is 
also of interest to note that Gosio^ has found that cumarin may be 
formed from carbohydrates by the action of certain mold fungi, e.g. 
Aspergillus glaucus, A. varians, A. novus, and .1. flavescens. 

Solutions of cumarin were shown to be toxic to the alga Conferva 
minor by Klebs,^ when used in strong concentrations. 

The experiment showed that cumarin is extreme!}* poisonous 
to wheat plants. At the end of five days the plants in 250 parts 
per million and stronger were dying, the roots and tops having made 
practically no growth. The root tips were swollen and slightly dis 
colored, although the roots themselves were quite turgid. When 
the experiment was discontinued at the end of eight days the plants 
in the solutions of 100 parts per million were dead, although they had 
made a slight growth at the beginning of the experiment. The roots 
were discolored for a distance of 3 to. 6 mm. from the tip and their 
surface was very slimy, due to the death of the outer layers of cells, 
which were then beginning to peel off. The leaves of the affected 
plants were short and broad, a feature not brought out by the illus 
trations, but which was very characteristic in all experiments with 
cumarin. The cumarin appeared to injure the meristematic tissue 
of the stem in such a way that only the first leaves-were unfolded, and 
in most cases the sheathing leaf base was more or less swollen by the 
abnormal growth of the inhibited leaves within it. 

The plants in the solutions of 50 parts per million were alive at 
the end of eight days, but all growth had ceased. The root tips 
were discolored and badly swollen. The leaves were dead for a con 
siderable distance back from the tips. In the solution of 1 part per 
million the development of tops, as shown by the illustration (Plate 
III, Fig. 2), was practically equal to that of the control plants in dis 
tilled water. The root development was not as good, however, the 
tips be ing* slightly discolored but not swollen. 

aPeckholt, Zeit. Allg. osterr. Apotliek.-Ver., 1893, 829. 

&v. Cotzhausen, Am. Jour. Phar., 48, 405 (1876). 

Molisch and Zeiscl, Bcr. bot. Ges., 6, 353 (1888). 

* Vide Just s Bot. Jahresb., 1874, II, 947. 

eZwenger and Bodenbender, Ann. Chem., 126, 257 (1863). 

/Atti R. Accad. Lincei, Classe sci. fis. mat. nat. (V) 15 (2) 59, (1906); abstr. 

Jour. Chem. Soc., 90, 699, (1906;. 
g Die Bedingungen der Fortpflanzung bei einigen Algen u. Pilzen. Jena, 1896. 
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Daphne tin (C IT H () 4 ) which occurs in various species of Daphne" is 
a lactonc, and is* to bo regarded as (:\, 4) dioxv-cumarin. 

Daphnetin was relatively much less toxic than cumarm. On 
account of its insolubility il was impossible to test daphnetin in con 
centrations greater than 50 parts per million. At a concentration of 
"&gt;() parts per million the green weight of tops produced in twelve days 
was 70 per cent of the controls. In concentrations of L&gt;r&gt; parts per 
million and less the growth of tops was practically as good as in 
distilled water, and the development of roots was only slightly 
inferior. 

Esculin ((\ S H (),,) is of particular interest on account of its relation 
to eumar-in. It is the glucoside of esculetin which is a lactono is&lt;&gt;- 
meric with daphnetin and shown by Tiemann and Will to be (4. ."&gt;) 
dioxy-cumarin. Both esculin and escidetin have been found in 
plants, but we know little of how widely distributed they are.* Kscu- 
lin as shown in Table I is decidedly less toxic to plants than 
cumarin, but more toxic than daphnetin. 

A saturated solution of esculin was found by Klebs/ to inhibit the 
formation of zoospores in Conferva minor, but it did not prevent t In 
formation of chlamydospores in Mncor rdccmoxtix. Laurent found 
that a saturated solution of esculin was not inhibitive to growth of 
fungi, provided that glycogen were also present/ 

The esculin solutions had a blue fluorescence, when prepared; tl is 
was lost after plants had grown for a time in them. The roots which 
grew in the stronger solutions were colored dark yellow as a result of 
their oxidative activities, the dye formed being insoluble and remaining 
upon the surfaces of the roots where oxidation had occurred. This 
effect is shown in Plate IV, figure 2. The toxic effects of esculin were 
m;&gt;re marked upon the roots of the plants than upon the tops. In 
concentrations of 1,000 and ~&gt;00 parts per million wheat plants were 
killed and were injured even in a solution containing 1 part per million. 
In the solutions containing 100 parts per million there was a distinct 
stimulation of the growth of tops. 

Heliotropine (OJI,,O 3 ) or piperonal is the aldehyde of piperonvlic 
acid. It possesses the pleasant odor of heliotrope, and is. indeed, found 
in the flowers of Xigritflla sufiveolen*:/ 



Vauqelin, Ann. Chim., 84, 173 (1812), 

Zwenger, Ann. Chem., 115, 1 (1800). 

Unwell. Rev. gen. Hot., 14, 420 &lt; 1902). 
OStunkel, BIT. chem. Ges., 12, 109 (1879). 

von Pechmann. BIT. chem. Ges., 17, 929 (1884). 

Gattermann and Kobner, Ber. chem. Gen., 82, 287 (1899). 
Ber. chera. Ges., 15, 2073 (1882); 15, 2100 (1883). 

dDie Bedingonfen dr Fortpflazwung l&gt;&lt; i cinipcn Algn u. Pilzen. Jena, 18%. 
I^iun-nt. Ann. Soc. Beige Micr., 14, 29 (.1890). 
von I.ippmann, Her. chem. Ges., 27,3-409(1894). 
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The growth of wheat plants in solutions was markedly affected by 
the presence of heliotropine, although the plants were not killed by a 
concentration of 1,000 parts per million or less. It is worthy of 
remark that the tops of the wheat plants were more affected by the 
heliotropine than the roots. (See Plate V, fig. 1.) The roots were 
healthy and of nearly equal development in all solutions of helio 
tropine used. 

TERPENE BODIES. 

Borneol (C 10 H 18 O), an alcohol of the terpene series, may be regarded 
as a secretion of the Borneo camphor tree. From the fact that it is 
known as a plant secretion, as well as from its relation to camphor, 
its effects upon wheat plants are of interest, It is noteworthy in this 
connection that borneol acetate is an important constituent of the 
aromatic oils of many plants. It occurs, for example, in the needles 
of different species of pines, firs, spruces, and hemlocks, in golden 
rod (Solidago canadensis), in Satureja ihymbra, in thyme, etc. The 
presence of borneol or some of its compounds in soils is not, therefore, 
unlikely, especially in the vicinity of coniferous trees. Although 
borneol is markedly insoluble in water, the weak concentrations obtain 
able were very toxic to both tops and roots of wheat plants. In ten 
days the plants were killed by a concentration of 100 parts per million 
and injured by 1 part per million. 

Camphor (C, II 1(; O), the ketone of borneol, is secreted by different 
plants, and is notably found in the wood of Cinnamomum, sassafras 
leaves, cinnamon root, spike, rosemary, basilicum root, etc. The 
poisonous effects of camphor upon seedlings have long been known. 
A list of some of the more important works is given below." 

The action of camphor on wheat seedlings in our experiments was 
quite similar to that of borneol. A concentration of 300 parts per 
million was fatal to the seedlings in eight days, and 5 parts per million 
produced marked injury. 

Terpene containing oils, such as turpentine oil (C 10 H 10 ) are sub 
stances to be regarded as excretions of living plants, and many are 

a Treviranus, Physiol. d. Gewachse, 2, 726. 
Conwentz, Bot. Ztg., 32,401 (1874). 
Heckel, Compt. rend., 80, 1170 (1875). 
Wilhelm, Einwirkung des Camphors auf die Keimkraft (Ref . in Just s Bot. Jahresb., 

1876,884). 

Nagcli, Theorie der Giirimg, Miinchen, 1879, 84-85. 
Burgerstein, Landw. Vers.-Stat, 35,9 (1888). 
Frank, Pflanzenkrankheiten, Broslau, 1895. II Aufl., 1, 330. 
Mcsnard, Ann. Sci. Nat. (7), 18,257 (1893). 
lMt&lt;&gt;, Flora, 92, 147(1903). 
Heller, Flora, 93, 1 (1904). 
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known to have a toxic effect upon the growth of plants/ 1 Heller 6 
has made the interesting observation (hat plants which secrete ter- 
penes are less susceptible to injury by them than are those plants in 
which terpenes do not occur. 

The action of terpenes has added interest for the study of problems 
dealing with soil fertility from the fact that the washings from the 
bark of trees and leaves have been shown c to be toxic to seedlings. 
These washings may contain terpenes or terpenelike bodies, and their 
retention by the soil in the vicinity of trees would constitute a factor 
of some importance. 

In our experiments turpentine oil proved to be fatal to wheat 
seedlings in a culture containing 500 parts per million and produced 
injurious effects at a concentration of 10 parts per million. 

o Goldsobel, Just s Hot. Jahresb.. 1X77. L L l. 

Xobbeand Hiinlein, Lamlw. V-rs.-Stat. 21,437 (1878). 

Schwartz, Just s Hot. Jahresb., 1881, 1,307. 

Omeltsrhenko, CVntr. Bakt.. 1, 813 (1891). 

Chamberland, Ann. Inst. Past.. 1. 153 (1887). 

Kiedlin, Dissertation, Mum-hen, 1887. 

Cadeacand Meunier, Ann. Inst. Past., 3,317 (1889). 

Bokorny, Arch, gesainrnt. Physiol., 73,555 (1899). 

EffronM ompt. rend., 186. 1556(1903). 
& Flora, 93. 1 (1904). 
c Bui. 36, Bureau of Soils, U. S. Dept. Agr., 1907. 
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TABULATION OF EXPERIMENTAL RESULTS. 



A general summary of the results given in the preceding pages 
is presented in the following table: 

TABLE I. Effect of various organic compounds upon the growth of wheat plants, with 
especial reference to their toxic properties. 



Compound. 


Dura 
tion of 
experi 
ment. 


Lowest 
concen 
tration 
causing 
death. 


Lowest 
concen 
tration 
causing 
injury. 


Concen 
tration 
causing 
greatest 
stimula 
tion. 




Days. 
10 


P P ^ 


P. p. m. 
100 


P. i,. m. 


HOOC.CH,.CH(NHj)".c6bH. 


9 








NlI 2 OC.Cl[.,.( ll(Xii,)C OOH. 
Glycocoll CIIs(\Hj&gt; COO1I 


9 








Alanine, CH 3 .CH(NII 2 ) .COOH 
Leucine CII 3 (CITj b CH(NHs) COOII 


10 




500 


25 


Tyrosine C,ai,&lt;^ 


11 




10 




X!Hj.CH(NHj).COOH 
/CHjCHiOH 

Choline, (CH 3 ) 3 N\ 
\OH 
xCHrCHs 
Neurine, (CH 3 ) 3 N&lt;^ 


10 
9 


2.iO 


500 

25 


1 


NoH 


8 


250 


25 




&lt; ih.ro 
^^ 


9 








/ NII.CO\ 

Vlloxan, CO&lt;^ /CO 


10 


1,000 


100 




\NH.CO 

G:ianine, NII.C.NII.CO.C.NIIX 


12 








\_t&gt; H 

Xanthine, CO.NII.CO.C.NHv 

\, I _J_. N &gt; :1 " 

/Nil 2 
Guanidine IIN C/ 


10 
9 








\*II 2 
/C.CH % 

skatoi, c 6 n&lt; V;n 

\ NH / 

Pyridinc, C 3 H 5 N. 


9 
9 


200 


50 
50 




Picoline, CoH^N.CHa 
CH 2 

]I 2 Cf\CH 2 
Piporidine, 




1,000 


500 


100 


HtfNcH, 

NH 
Pipcri lino (neutralized) 


7 


100 


25 




iTi 

Quinolin, 


g 








X 

1 vicill \ 


10 








Mucin 


10 




100 















Normal growth in con 
centration below 100 
p. p. m. 

No injury below 1,000 
p. p. m. 

Tops of all plants 
good. Roots slight 
ly injured at higher 
concentrations. 

Only roots were in 
jured at 500 p. p. m. 

No injurious action. 



Roots affected more 
than tops. 



No injury. 



Insoluble above 40 p. 

p. m. No harmful 

effects. 
No injurious action. 



Roots injured more 
than tops. 

In solutions of 50 p. p. 
m. and less the root 
growth was normal. 



Insoluble above .50 p. 
p. m. 

Not tested in concen 
trations higher than 
100 p. p. m. 



TVIILE \.K(Tecl of various oryanic compounds nfxm the growth &lt;&gt;J vhtal [&gt;luntx. 
igjx cinl rrftrenre In their to.rir /&gt;ro/n rl iV.s Continui-d. 



/&gt;//.. / ./,.;. / . /-. m. / ./.. m. 
yrooatwhln. C,H(OH&gt;,&lt;1.2&gt;.. U .^xi 

rl)iHin. C|,llio ; 1- .VJO 1 

lili.ri.Bliiriii.C,,lla(OH .( 1,3. :..... l:t . r l - "&gt; 1 

/CHO 
anillin. C,,II.i -O.CI1.T .... .i . i&lt;xj 

\OH 

/COOll 

nnillic acid. C.Hj^-O.CH, 7 nx&gt; 

\OH 
;ninii- ni-ii|. C,,II;II &gt;,. COOll 10 .V) UN) 

juino 



iiiiiii-an.l.CsIl ..C!l C1I cool I 



Daphn.-tTn. CII ()/ 

(OH), 

Ksrnlin. CulIuO, 

I ilxTonal (hi-liotropini" 



.. 

O 

Borni-ol. C 10 lli:iH . 
Camphor. ( | Mir.o. . . 
Turpontinr. C, lln ____ 



THE REMOVAL OR AMELIORATION OF TOXIC CONDITIONS. 

As a result of tlu&gt; experiments upon the nature :m&lt;l action of the 
organic bodies studied, it becomes evident that in many respects 
their similarity to toxic soil conditions is more than casual. It 
therefore becomes of interest to study the effect of treatments which 
have been found materially beneficial to toxic soils and their acjueous 
extracts. Some of these treatments consisted in adding substances 
which mi;ht be regarded as plant nutrients; other treatments which 
were equally beneficial did not add anything in the nature of a plant 
nutrient. 

THE EFFECT OF TREATMENTS WHICH ADDED NO PLANT 
NUTRIENTS TO THE SOLUTIONS. 

Thf results of adding absorbing agents and of bailing. Two of the 
most toxic substances used in experiments upon plants were guanidine 
carbonate and neurine. In diminishing their toxicity two treatments, 
viz. treatment with carbon black and boiling, which have been found 
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remarkably efficient" in improving the extracts of toxic soils for the 
growth of plants, were employed. 

The treatment with carbon black consisted iu adding a small 
amount of well-washed carbon black to the guanidine and neurine 
solution, and .shaking them for several minutes. At the end of twenty 
to thirty minutes the carbon black was filtered out and the solutions 
used as the basis of water cultures for growing plants. The neurine 
solution was boiled for a very few minutes in an ordinary flask and, 
when cool, used for growing plants. The distillate from neurine was 
prepared by distilling a known quantity of an aqueous solution con 
taining 250 parts per million of neurine. After a portion had passed 
over the distillate was made up to the original volume of the neurine 
solution with distilled water and used in water cultures. The effect 
of these treatments upon the toxic solutions is shown in Table II. 

The guanidine carbonate solution was so much improved by treat 
ment with carbon black that a solution which had contained 100 
parts per million of guanidine was no more toxic to wheat seedlings 
than an untreated solution containing 1 part per million. A solu 
tion containing 25 parts per million of guanidine after treatment 
with carbon black gave a better growth of plants than did distilled 
water. 

The neurine solution was so much improved by treatment with 
carbon black that wheat seedlings grown in a solution which had 
contained 25 parts per million of neurine made as good growth as the 
controls grown in distilled water. The plants which grew in a 25 
parts per million neurine solution treated with carbon black were 
even better than those grown in distilled water. 

TABLE II. Effect of various treatments in altering the mtical concentrations of the 
respective solutions. 

[Parts per million.] 







Concentration of the solu 






tions at which the plants 


No. 


Treatment . 


were- 






Killed. 


Injured. 


Stimu 
lated. 




Guanidine carbonate 


100 


j 






Same, treated with carbon black" 


.TOO 


100 


25 






250 


25 




i 


Same, treated with carbon black 


250 




25 





Same, 250 p. p. m., boiled 


Normal growth. 


a 


Distillate from neurine solution containing 250 p. p. m 


Normal growth. 



a The figures in series Nos. 2 and 4 represent the original concentration of solutions which were 
given the treatments designated, and do not necessarily indicate the concentration of the solution used 
for growing plants. 

The toxic effects of neurine seem therefore to have been entirely 
removed by boiling or by distilling, as normal growth resulted in 
those solutions. 



"Sec Huls. 28, 3(i, and 40 of the Bureau of Soils, U. S. Dept. of A.yr. 
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Without speculating too much upon the nature of the changes 
produced by these various treatments, it may be pointed out that 
t icy have decreased the toxicity of the two original solutions. The 
decrease in toxicity is very similar to that observed when extracts of 
infertile soils are given similar treatment. 

The results of adding an organic body. The beneficial action of 
( Ttain organic substances has been pointed out in various experi- 
i.ients described in previous bulletins of this Bureau. It was shown, 
I r example, that the addition of 50 parts per million of pyrogallol 
i &gt; an unproductive soil increased the growth of wheat plants 101 
] er cent. The addition of small amounts (2 to 10 parts per 
i lillion) of pyrogallol or alpha naphthylamine to the extract of an 
nproductive soil also had a beneficial effect. Organic substances 
ike the ones mentioned can not be considered as plant nutrients: 
veil if they were, the small amounts added would be insufficient to 
.(count for the results produced. Their action may be upon the 
&gt;lant itself, causing it to resist the toxic action of the soil extract, or 
Ise these substances, being quite active chemically, act directly upon 
he toxic substances in the solution. 

It l&gt;ecame of interest, therefore, to test the action of pyrogallol 
upon some substance which was known to have a decidedlv toxic 
iction upon plants. Cumarin was selected as the substance to be 
;ried, because it had a nearly neutral reaction in aqueous solution. 
Four series of qultures of wheat plants were set up in solutions con 
taining 75, 50, 25, and 5 parts per million of cumarin, respectively. 
Half of the cultures received pyrogallol at the rate of 2 parts per 
million. The other cultures served as controls for comparison. The 
experiment ran from February 1. &gt; to February 2. i. The following 
table shows the relative growth of the plants as measured bv trans 
piration during that period: 

TABI.K 111. (irou th nf irhent ftlnntx in solittinns of nnuarin trith and trilhimt 

pi/myallo! . 

(C.rowth nir.,-!nv.i by transpiration ami expressed in ti-rins of the growth of controls in &lt;litille| 

water.) 



1 Controls, without oumarin. .. 100 94 

2 Comtrln, 76 parts per million. . ivail. l-a&lt;l. 

3 8aiw, 50 pa rts per million... 38 82 

4 Same, 23 parts per million 82 86 

mi.-. :. mirts per million 83 Uti 



These results make it almost certain that pvrogallol had affected 
the action of the cumarin. The addition of pyrogallol to distilled 
water was not l&gt;enefieial to plant growth in this case; in fact, the 
growth was slightly depressed as the result of its presence. This 
result speaks against any direct value of the pyrogallol as a nutrient 
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substance. Nevertheless the growth of plants in the cnmarin solu 
tions was benefited in each case, and in the solution containing 5 
parts per million of cumarin and pyrogallol the growth of plants was 
distinctly better than in distilled water. In fact, this result would 
seem to indicate that the pyrogallol had not only been able to over 
come the bad effect of the cumarin, but also to convert it into some 
thing slightly but distinctly beneficial to growth. 

The results of replanting the solutions. It w^as shown in a foregoing 
section that oxidation incident to exposure to air changed tyrosine 
from a substance having toxic properties to one having beneficial 
action. From this fact it seemed possible that similar beneficial 
changes might be wrought in other substances. 

The work of liaciborski, a has shown that the roots of plants 
have. very definite powers of oxidation, and further work in this 
laboratory has shown that the roots of wheat plants grown in water 
culture are capable of quite energetic oxidation. It therefore 
seemed possible that the solutions in which a crop of wheat seedlings 
had grown might be less toxic to a second crop because of the oxi 
dation performed by the roots of the first set of plants. 

Several solutions were replanted after the first set of plants had 
been removed. The first crops in the various series were allowed to 
grow twelve to fourteen days. The growth of the second set showed 
that in three of the five substances the point at which injury was 
first noted was lowered, but the concentration necessary to kill the 
plants had not been altered. The lowest concentrations at which 
injury was shown in the first and in the second sets of plants were as 
follows: 

TABLE IV. Effect of plants in altering the concentrations at which injury was first shown 

in various toxic solutions. 

[Parts per million.] 





L&lt; 


west concentra- 




tions causing in- 





Solutions. 




First Second 


crop. crop. 


| i 


25 500 




1 100 




25 ; 25 




100 100 


5 


Vanillin 


50 .500 



The figures in Table IV show that for certain substances the 
injurious qualities of the solutions were sensibly altered by the 
growth of the first set of wheat plants. The arbutin solution, which 
originally contained 500 parts per million, was so reduced in toxicity 
by the gro\vth of the first set of plants that it was no more toxic than 



Ar-nrl Sri Crnrnvic Mftth. N&tlirwisH. KL. 1905. 338. 668. 
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a fresh solution containing - 5 parts per million of arbutin. When 
cumarin solutions were replanted the solution originally containing 
100 parts per million was no more toxic than a freshly prepared 
solution of 1 part per million. The cinnamic acid solution showed no 
apparent improvement when used the second time. It was thought 
that this might have been due to the acid properties of the com 
pound. The experiment was accordingly repeated with sodium 
cinnamate, which was found by True to be much less toxic to 
seedlings of Lupinus albus than the cinnamic acid. The sodium 
cinnamate was likewise less toxic to wheat seedlings, but the growth 
of the first set of wheat plants did not perceptibly alter the point ol 
injury for the second crop. It would seem from this that the activi 
ties of the roots were not able to alter sufficiently the properties of 
cinnamic acid to change its toxicity to seedlings. The question 
whether the activities of the roots were not modified by the proper 
ties ol cinnamic acid in such a way that the ameliorating powers 
were lost seems worthy of more careful studies than we have been 
able to give it. The toxicity of the vanillin solutions is likewise 
greatly reduced by the growth of a previous set of plants. A solution 
which had originally contained 500 parts per million of vanillin was 
no more toxic to the second set of plants than a freshly prepared 
solution containing 50 parts per million had been to the first set of 
plants. 

The point may be raised, and with some propriety, that the first 
set of plants absorbed and removed some of the toxic substances from 
the solutions. While tlu s may be true, it is not likely that the 
quantities absorbed were sufficient to account for such differences as 
were noted in the case of arbutin, the concentration of which was so 
altered that the action of a solution originally containing 500 parts 
per million was no more injurious than that of a freshly prepared 
solution containing 25 parts per million. This oxidizing power of 
roots, described in a previous section, moreover makes it likely that 
there is an actual chemical change involved as a result of the 
oxidation. 

That the concentration at which injury was manifested was altered, 
while that at which death occurred was not, is in accord with the 
a^umption upon which the experiment was made. The roots which 
grew in the stronger solutions were soon seriously injured: hence 
any power they may have possessed to oxidize or otherwise to 
liorate toxic condition-; ha&lt;l a vrrv limited time in which to act. 



a Am. Jour. Sri. ^4). 9, 183 ( 1900). 
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THE EFFECT OF ADDING SUBSTANCES USED AS FERTILIZERS. 

In previous publications of the Bureau of Soils it has been pointed 
out that the beneficial effects of fertilizers are not necessarily due to 
their content of plant nutrients. The same improvement of growth 
oft en results in toxic soil extracts given treatments which do not add 
any nutrient substances. There is also evidence which indicates that 
fertilizers may bring about an improvement in conditions by some 
action upon the substances which previously were detrimental to 
growth. 

To study this matter further, experiments were made in which 
substances commonly used as fertilizers were added to solutions of toxic 
substances, which in themselves have a marked toxic act ion upon wheat, 
and the effect upon growth noted. Forty plants in four cultures 
were used for each concentration of the toxic agent employed. The 
fertilizer salt was added to two of the cultures and comparisons were 
made with the two which received no fertilizer material. Sodium 
nitrate and calcium carbonate (lime) were the two substances experi 
mented with. The former is especially efficient in producing improved 
growth when added to toxic soil extracts. In fact, it produces 
increased growth in the majority of cases when applied to soils. 
Calcium carbonate as lime is likewise efficient in improving growth, 
and is found to be quite generally beneficial when applied with 
green manures, which are known to contain a variety of organic 
compounds, some of which have been shown in previous sections of 
this bulletin to be harmful to plant growth. 

Tables V. VI, and VII show the comparative growth of wheat plants 
in various concentrations of the toxic substances and the effect of the 
fertilizer salts upon the same. The growth of control plants in pure 
distilled water is used as the basis for comparison and represented 
as 100 in each case. Further experiments with cuniarin and arbutin 
were performed, using, however, a smaller range of concentrations, 
yet the results obtained confirm those in the tables. The cumarin 
concentrations of 100. 50. and 10 parts per million gave a relative 
growth respectively of "dead" 47 and 66 without nitrate and "dead" 
53 and 105 with 100 parts per million of nitrate added. The arbutin 
concentrations of 500 and 100 parts per million gave respectively 
23 and 41 without nitrates and 27 and 78 with nitrates. It is quite 
evident from a survey of the results of all these experiments that these 
fertilizer salts had a beneficial action when added to the toxic solutions, 
and that the effect was much more marked in the weaker solutions than 
in the stronger ones. The beneficial effect of calcium carbonate in the 
cumarin solutions is shown in Plate VI, figure 1. They also indicate 
that there has been an interaction between the toxic substance and 
the fertilizer salt added. It mav be noted that one of the toxic 
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ibstances (vanillin) produced, in the absence of fertilizer salts, in 
he lower concentrations what is ordinarily interpreted as stimula- 
ion. The phenomenon of increased growth in the presence of weak 
Olsons is &lt;juite general and has been worked out in much detail by 
Uaulin." Richards.* Ono. r and other*. 

TABLE V. Effect of atldintj sodium nitrate to toj~ic solutions of ranillin. 
[Relative growth measured l&gt;y transpiration.] 





Solution. 


Without 
nitrate. 


XO. 100 
parts per 








added. 




Control in distilled water 


100 


380 




Vanillin. 500 parts per million 


25! 


34 


3 


r million 


33 


1M 




Same. 25 part * per million 


SO 


238 


5 
6 


Same. 10 part* per million : 
Same, 1 part per million 


1% 
132 


246 



TABLK \\.-Effect of adding calcium carbonate to torir solutions ofrumarin. 
[Relative growth measured ly transpiration.] 





Solution 


Without 
carbonate. 


Adding 
CaCO, 

-Mil) pans 
per million. 


Contr 

Ctuiia 
Same 
Same 
Same 

i^ 


nls in distilled water 


100 


153 
lv.i.1. 
IVad. 

5* 

166 


rin. 100 parts per million 


Dead. 
Dead 


- ;HT million 


36 


10 parts per million 


74 

97 







TABLE VII.- Efect of adding calcium carbonate to toxic solutions of ranillin. 
[Relative growth measured l&gt;y transpiration.) 



No 


Solution. 


Adding 
Without , CaCO,. 
caHxmatf. . 
per million. 


1 


Controls in distilled water 


100 




- per million 


25 107 


j 


Same. 100 parts per mill i&lt; - 


53 177 




-, nn* per million 


80 183 




Sme. 10 parts per million 


l 1M 




Same. 1 part per million 


132 301 



Then- can be no question that the increased growth in the vanillin 
cultures of lower concentrations without fertilizers was caused by 
Mune stuuulating action of the vanillin upon the functions of the 
plain-. Turning now to the columns expressing the effect of the 
fertilizer salts upon the vanillin, no stimulating effect is noticed. 
Nuif of the solutions containing vanillin plus a fertilizer salt pro- 

I 1.93(1869). 

* Jahrb. wiss. B.i ! i -ul. Torrvy Hot. Hub, S, 463 ( 1899;. 

J -ur .,ji. I niv.. Ti.ky... 1*, 141(1900). Uattori, H., ibid., 15, 371 
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duced an effect upon growth greater than distilled water containing 
only the fertilizer salt. In other words, the stimulating effect of the 
toxic agent totally disappeared. It appears, therefore, that the 
fertilizer salts had an action upon the toxic organic substances 
ameliorating the conditions for the growth of plants. 

Further evidence on the action of fertilizer salts was gained from 
the results of replanting the vanillin solutions. The vanillin solu 
tions enumerated in Tables V and VII received a second set of wheat 
seedlings after the first had been removed. The water lost by trans 
piration was restored by adding distilled water. The plants were 
allowed to grow from February 20 to March 1. The behavior of the 
second set of plants indicates that the conditions for growth were 
on the whole even better than those existing during the growth of 
the first set, except in the solution originally containing 500 parts 
per million vanillin, in which the plants were killed, as in the first 
planting. The injurious effect of vanillin^ as already pointed out, 
was primarily on the root development of the first crop, and this 
condition was largely ameliorated by the calcium carbonate and 
sodium nitrate. In the second crop the root system was, generally 
speaking, much improved in all three series, including the one without 
fertilizer salts. 

In order to determine whether the growth of the plants was a cor 
rect indication of the presence of vanillin the solutions were sub 
mitted to a chemical examination. 3 Fairly large quantities of 
vanillin were shown by this test to be present in the solutions con 
taining no fertilizer salts and originally containing 500 parts per 
million and 100 parts per million vanillin, while traces only could 
be found in the solutions originally containing 25 parts per million 
and 10 parts per million. No vanillin could be demonstrated in 
any of the solutions in which calcium carbonate or sodium nitrate 
had been present. That there had been a diminution and even a 
total disappearance of the toxic substance can not be questioned, 
because the experiment was repeated several times, always with the 
same result. 

An additional experiment will be described for the purpose of 
giving a direct comparison between the growth of the first and second 
set of plants in toxic solutions containing fertilizer salts. Three 

a The method used seems to have been first described by Moerk, Am. Jour. Phar. 
(:{. 572 (1892) and cited in Zeit. anal. Chem., 32, 242 (1893). It consists in decolorizing 
the vanillin solution (if necessary) with freshly precipitated lead hydroxide, then 
adding bromine water drop by drop until a slight excess is present. Ferrous sul 
phate is finally added until the maximum blue-green color is reached. The test was 
sli^hlly impaired by the yellow color formed by the reagents in solution to which 
calcium carbonate had been added, but the presence of sodium nitrate does not inter 
fere with I lie test. The color was not found to be strictly proportional, although the 
depth of color produ&lt;^dwa approximately indicative of the quantity of vanfllin present. 
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different solutions were employed in this experiment; the first con- 
ained 100 parts per million vanillin, the second 100 vanillin and 100 
iodium nitrate, the third 100 vanillin and 2,000 parts per million 
calcium carbonate. A set of wheat plants was allowed to grow in 
hese solutions for eight days. The growth of the plants was of the 
;ame general character as represented in corresponding treatments 
n Tables V and VII. After removing the plants from these solu- 
ions, the original volumes were restored by the addition of distilled 
vvater, to replenish that transpired by the first set of plants, and a 
second set of seedlings was installed. Nothing was added to the 
solutions except the distilled water. At the same time a set of plants 
vvas installed in a new set of solutions precisely similar in composition 
to the original set. Accordingly, the plants in the new solutions 
represented a first crop in toxic solutions containing fertilizers, and 
the replanted set represented a second crop in the originally similar 
solutions. The plants in these solutions, together with controls in 
pure distilled water, were allowed to grow ten days. The relative 
growth of the plants in the various solutions is given in Table VII I 
and the plants are represented in Plate VI, figure 2. 

TABLE VIII. Relative growth of first and second sets of plant* in solutions containing 100 

parts per million vanillin, with and without fertilizer substances. 

[The numl&gt;ers and order of the solutions correspond to those of the plants shown in Plate V. figure 2.] 








Relative 


Relative 


No. 


Solutions. 


transpi 


green 






ration. 


weight. 


1 


First crop in vanillin solution 


45 


100 


: 


Second crop in vanillin solution 
First crop in vanillin solution-!- NaNO,, 100 parts per million 


93 

114 


103 

w 

135 


7 


Kir.st i-r&lt;&gt;p in vanillin solution -M aCOi, . .(KM) parts per million 
Second crop in vanillin solution+CaCO*, 2.000 parts per million 
Controls in pun distilled water 


Ml 
166 
100 


111 
100 

too 











It will be seen that the results of this experiment confirm those of 
preceding experiments in showing that t&gt;\ic properties were amelior 
ated both by the action of plant roots and by the presence of fer 
tilizer substances. Where the two agencies worked in conjunction, 
the growth of plants was the best. The second crop naturally 
showed the better growth in each case owing to the action of the 
plant roots and fertilizers during the growth of the first crop. 

Another experiment upon the action of these fertilizers was per 
formed using arbutin as the toxic substance and growing two sets of 
plant&gt; in the solutions. Arbutin is shown by the figures given 
in Table I to be decidedly toxic to wheat plants, killing at a con 
centration of . .no parts per million and injuring at 25 parts per mil 
lion. A&gt; before, xxlinni nitrate and calcium carbonate were added 
to the -oiii! ion-. The M-t of -olutions receiving sodium nitrate was 
accidental h IHM before it \\as chemically examined for arbutin. and 
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hence does not appear in the records of the second crop. The growth 
of the plants in this experiment is shown in Table IX, where the 
figures represent the relative transpiration. The first crop grew 
eleven davs, the second crop ten days. 

TABLE IX. Relative grouih of u heat plants in arbutin solution irith and without fer 
tilizer substances. 



Relative trans 
piration. 



No. 


Solutions. 


First 
crop. 


Second 
crop. 


j 


Controls in distilled water 


100 


100 


2 


Vrbutin 1 000 p p in 


Dead 


Dead 


3 


Same, 500 p. p. m 


Dead. 


36 


4 


Same, 200 p. p. m 


41 




5 


Same, 100 p.p.m 


45 


94 


6 


Same, 50 p. p. m 


80 


125 


.7 

8 
9 

i 


Same, 1,000 p. p. in. +calcium carbonate 2.000 p. p. m 
Same, 500 p. p. m.+calcium carbonate 2,000 p. p. m 
Same, 200 p. p. m.+calciuin carbonate 2,000 p. p. m 
Same, 100 p. p. m.+calcium carbonate 2,000 p. p. m 


31 
51 
50 
70 


37 
84 
74 
148 


11 

12 


Same, 50 p. p. m.+calcium carbonate 2.000 p. p. m 
Distilled water + calcium carbonate 2,000 p.p.m 


92 
109 


154 

147 


13 


Vrbutin 1 000 p p in +sodium nitrate 100 p p m 


33 




14 


Same, 500 p. p. m. + sodium nitrate 100 p. p. in 


53 




15 
16 


Same, 200 p. p. m. + sodium nitrate 100 p. p. m 
Same, 100 p. p. m.+sodium nitrate 100 p. p. m 


72 
83 




7 


Same 50 p p m +sodium nitrate 100 p p in 


91 




18 


Distilled water+sodium nitrate 100 p. p. m ... 


146 





It will be seen from these figures that the genertil order of results 
was the same here as in the preceding experiments where a second 
set of plants was grown in toxic solutions. The second crop was 
in all cases better than the first. In making the comparisons it is 
of course necessary to use the growth in the "replanted" distilled 
water as the basis of the comparison and not fresh distilled water, 
since all solutions used for second crops contained the waste products 
of the first crop. Where the calcium carbonate had been added to 
the lower concentrations of arbutin, the second crop was remarkably 
good. These results bear out the results of chemical tests to deter 
mine the presence of arbutin. 

It was found that diazobenzene-sulphanilic acid reagent could be 
used as a test for arbutin. While it was only approximately quanti 
tative it gave good indications of the quantities present. 

(a)Pauly, Zeit. physiol. Chem., 42, 508 (1904); 44, 159 (1905), prepares the diazo 
benzene-sulphanilic acid in the following way: 2 grams finely pulverized sulphanilic 
acid are shaken up with 3 cubic centimeters water and 2 cubic centimeters concen- 
t rated hydrochloric acid, and this mixture is added in small quantities, within one 
minute, to a solution of 1 gram of newly prepared potassium nitrite in 1 to 2 cubic 
centimeters &lt;&gt;f water; after each addition the mixture is cooled. The sulphanilic 
arid pusses rapidly into solution, and is soon replaced by a dense, white, crystalline 
deposit of diazobenzene-sulphanilic acid; after a few minutes the fluid part is sucked 
off and the crystals are then washed with a little water. In testing, sodium carbonate 
solution is added to the fluid under examination till the reaction is alkaline, and then 
: &gt; io "&gt; cubic centimeters of a freshly prepared solution of a few centigrams of diazo 
ben/.ene-sulphanilic arid in suda solution. 
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PLATE VI. 




FIG. 1 .EFFECT OF CALCIUM CARBONATE IN OVERCOMING THE Toxic EFFECT OF 

CUMARIN. 

[Wheat tfrown \ n: &lt;i) Solution of rumarin, J5 parts per million: d ) ii parts *- calcium carl&gt;iii&lt; 
Ci) 10 parts; \4\ 10 parts -calcium fiirttoimte: (5) 1 part: (fit 1 part -calcium carU.m 
(7) control in pure distilled water: (*) control in pure distilled water -*- calcium carbonate.] 




FIG. 2. EFFECT OF FERTILIZERS IN OVERCOMING THE Toxic EFFECT OF VANILLIN. 

[Wheat grown tai: (!) Vanillin solution, first . !&lt;Ti.p: -3i first rr-.p. vanillin solution 

+ S4rtium nitrate: (4i Moond crop, vanillin solution - mxlium nitrat&gt;; i.i) first crop, vanillin 
olution -- calcjuiii car)M&gt;nato: ( &gt;) second crop, vanillin solution + calcium carbonate: (7) con- 
trolin pure distil led water.) 



IN RELATION TO SOU. FERTILITY. 4t&gt; 

Pure standard solutions of arbutin are colored bright crimson by 
he addition of a few drops of diazohenzene-sulphanilic acid reagent, 
v erv weak solutions of arbutin, &gt;&gt;.fter the growth of plants, are strongly 
inged with yellow. The results of the chemical tests made after the 
;rowth &lt;&gt;f the first and second crops are given in Table X. 

PABI.K X.--Arbutin remaining in snlntionsaftir yrnirth o/Jirxt and second crops of irhrnt. 





Results of tests to indi 




cate arbutin. 




After first 


After set-otic 




crop. 


crop. 


1 

2 


Originally contn 
Originally a nt.-i 


ningar 
ning ar 


&gt;utiu, 1,000 p. p. in . . . . . . Abundant. 
&gt;utin, ;HH) p. p. in Abundant. 


Moderate. 
Moderate. 


3 


5 
6 
7 
8 
9 


Originally &lt;&lt; 
Originally c&lt; 
Originally c&lt; 
Originally t-&lt; 
Originally c&lt; 
Originally c&lt; 
Originally ci 
originally c&lt; 


nta 

nta 


ning ar 
ningar 
ning r 
ning r 
ning r 
ning r 
ning r 
ning r 


uitin. 200 p. p. m Moderate. 
&gt;i tin. 100 p. p. in Weak. 
&gt;i tin, fl p. p. in None. 
&gt;i tin, 1.000 p. p. in. + CaCO, 2.000 p. p. in . Abundant. 
&gt;i tin. .",00 p. p. m.+CaCOt 2.000 p. p. in. . . . Moderate. 
&gt;i tin. 200 p. p. in. +CaCO, 2.000 p. p. in Weak. 
.1 tin, !00 p. p. m. + CaCOj 2.(XX) p. p. in Trace. 
&gt;utin. ;H) p. p. m. + CaCOj 2.(X)0 p. p. in None. 


Weak. 
Weak. 
None. 
Weak. 
Weak. 
Trace. 
None. 
None. 



An inspection of these results shows that the calcium carbonate has 
had the same action upon arhutin as the fertilizer salts used in the 
previous experiments had upon vanillin. There had been a disap 
pearance of arhutin from the solutions in which plants grew, but 
much more had disappeared from solutions containing the fertilizer 
salt. 

The question next arises as to how these toxic substances were 
caused to disappear. Three possibilities seem to present themselves: 
(1) The plants themselves absorbed part of the toxic substance and 
oxidized some of it : (12) the fertilizer ingredients had a chemical 
action upon the toxic substance; (H) both plants and fertilizer salts 
acted together, either directly or indirectly, upon the toxic sub 
stance. 

The first possibility was tested by the experiments in which a 
econd set of plants was grown in the toxic solutions. It was there 
shown that the plants did have an ameliorating action, although they 
were only able to remove entirely the toxic substances in the lowest 
concentrations. 

The second possibility, viz, that the fertilizer substances had a 
direct action upon the toxic substance, was tested by the following 
ex|M rime.nt : A solution containing KM) parts per million of vanillin 
was prepared; a portion of it received sodium nitrate equivalent to 
100 parts per million of NO 3 , and another portion received calcium 
carbonate at the rate of 2,000 parts per million. These solutions 
were then allowed to stand eight days. At the end of that time 
another set of solutions, exactly similar 10 the first, was prepared. 
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Thev were therefore compared 1&gt;\" cultivating plants in them and 
using the growth of the plant as an indicator of the amount of toxic 
substance present in each solution. It was thought that any action 
the fertilizers might have had would be shown by the growth of the 
plants in these solutions. The results of the experiment are pre 
sented in tabular form in Table XL 

TABI.K XI. Hclutin i/i ou lli, mcHxiira! In/ (iron ircit/ht, of trhcat plants -in solutions of 
runlllni trmtcd /:&gt;/}; fcrti I i:&lt;r salt* at rli/emit lit/us. 



planting. 



Solutions 



planting. 



1 Controls in distilled water KK) 100 

2 ! Vanillin. 100 parts per million 85 i 70 

3 &lt; Same, +NiiXO 3 , 100 parts per million , 99 ! 92 

4 I Same, +raCO 3 , 2,000 parts per million ; 111 170 



It will be seen from these iigures that the S-dav action of the 
salts on the solution is somewhat contradictory. The solutions to 
which nitrate had been added was certainly not improved by stand 
ing this length of time. Those to which calcium carbonate had been 
added were, on the other hand, quite appreciably improved by 
standing, thus suggesting that this substance aids independently in 
overcoming the toxic properties of the vanillin. 

In regard to the third possibility it might be pointed out that 
the experimental data thus far presented go to show that plants 
themselves can by their growth ameliorate the toxic conditions 
slightly, also that certain fertilizer treatments may bring about some 
improvement due probably to direct action on the substance, but 
far greater beneficial effects arc produced by the combined action 
of plant and fertilizer salt. In other words, the plant and the 
fertilizer ingredients working together are able to accomplish more 
in the way of destroying toxic substance than either can do working 
alone. That such a substance as vanillin is destroyed does not admit 
of doubt if any conclusion is to be drawn from the experiments pre 
viously recorded. Whether the destruction of vanillin as such took 
place in the solution or within the cells of the wheat plants was not 
ascertained, but it probably takes place in the solution. This may 
be safely inferred from the behavior of the plants. Vanillin itseli 
has a very inhibitive action upon the growth of the roots of wheat 
seedlings in water culture (Plate III, fig. 1). All plants grown ir 
vanillin solutions showed more harmful effects in the growth of roots 
than in the growth of tops. When, however, the fertilizer salts wen 
added in sufficient amount to ameliorate distinctly the condition. 
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or growth, the improvement in root development was relatively as 
;reat or even greater than in that of the tops. 

A large number of experiments showing the benefits derived from 
he action of fertili/ers on soils have been presented in Bulletin 40 
)f this Bureau and will not he presented in detail here. The results 
f the experiments here mentioned indicate that the small yields of 
mproductive soils can he greatly improved by treatments which 
emove or destroy toxic substances in those soils. In the experi 
ments in which succeeding crops were grown in the same soil it was 
&lt;hown that certain fertilizers may act very beneficially upon soils 
ontaining toxic materials excreted from the plant roots. 

It has been pointed out that methods of cultivation which pro 
mote the aeration of the soil and the growth of micro-organisms, may 
aid in destroying deleterious organic substances. The undue accu 
mulation of such substances can also be prevented by proper and 
systematic crop rotation. In all these practices it is known that 
the addition of suitable fertilizers plays an important part in bring 
ing about the destruction of harmful organic substances and conse 
quent improvement of soil conditions. In other words, the experi 
ments which showed that unproductiveness ariso from the presence 
in soils of the waste products of plants have been supplemented by 
other experiments showing that fertilizer salts can actually bring 
about or aid in the destruction of toxic organic substances. It 
seems reasonable, therefore, to conclude that the benefits derived 
from fertili/ers may, at least in part, be due to their direct or indirect 
action upon toxic organic substances in soils. 

Attention may be again called to the fact that pot experiments in 
which fertili/ers were emploved to overcome the effects of replant 
ing similarly show that certain fertili/ers are able to destroy the 
toxic waste products of plant growth and to improve soil conditions. 
It was shown in the experiments mentioned that the ameliorating 
power does not necessarily depend upon the amount of plant nutri 
ents which a fertilizer contains. 

Summing up the results of experiments upon the amelioration of 
toxic conditions it appears that there are numerous ways in which 
such unfavorable conditions mav be overcome. The toxic solutions 
were markedly improved by treatments similar to those- which IxMiefit 
the extracts of unproductive soils. Treatment with absorbing agents 
"i brief boiling was IxMieficial. The toxic solutions were greatly 
improved after one set of wheat plants had been grown in them. 
I ndoubtedly there was some toxic material directly absorbed by 
tin- first set of plants, but the amount was entirely too small to 
"iint for the diminished toxicity of the solutions when the second 
M i "f plants was grown. The vanillin solution, for example, was so 
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reduced in toxicity that a solution originally containing 500 parts 
per million was no more toxic to the second set of plants than a solu 
tion of 50 parts per million was to the first. It has been found that 
an equal number of wheat plants can remove in a similar length of 
time not more than 30 to 50 parts per million of nitrates from solu 
tion and there is no reason to believe that toxic substances should 
be removed at a much more rapid rate. The oxidizing powers of the 
roots therefore appear to be able to act upon the toxic organic mate 
rials in such a way that their toxic properties are lost. The large 
amount of root surface which most plants possess makes this oxidiz 
ing power an important one in relation to soil conditions and espe 
cially in relation to the destruction of toxic conditions through crop 
rotation. 

In the experiments described it was shown that while the plants 
alone and fertilizer substances alone were able to accomplish a par 
tial destruction of the toxic substances the combined action of plants 
and substances ordinarily employed as fertilizers caused a much 
greater destruction of toxic material and consequent improvement 
in growth. 

o 
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SIR: I have the honor to transmit a manuscript entitled Fertility 
&gt;f Soils as Affected by Manures, by Frank D. Gardner, in charge of 
Soil Management. It embodies the results of a uniform scheme of 
inanurial treatments, as measured by the resulting increase in plant 
.growth on soils collected from 220 fields in 23 States, located in the 
eastern half of the United States. 

The increasing use of manures, and especially of commercial 
fertilizers, by the farmers of the United States is sufficient justifica 
tion for careful investigations as to the relative efficiency of various 
forms of manures on different soils. You will find here a vast amount 
of data, treated in a manner commensurate with the importance of 
the subject. It should be of great value to all who are interested in 
the use of manures. 

The manuscript has been gone over carefully with Assistant Secre 
tary Hays, who concurs in my recommendation for its publication 
as Bulletin Xo. 48 of the Bureau of Soils. 
Respectfully, 

MILTON WHITNEY, 

Chief of Bureau. 
Hon. JAMES WILSON, 

Secretary of Agriculture. 
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FERTILITY OF SOILS AS AFFECTED BY MANURES: 



INTRODUCTION. 

The use of manures as a means of increasing the growth of crops 
dates back to ancient times. At the time of the discovery of America, 
the North American Indians used dead fish as a manure for corn. 
The Peruvians have used guano since the beginning of their recorded 
history, and the Chinese have long recognized the value of all kinds 
of excrements as fertilizers. In the early part of the last century 
De Saussure established the existence of the mineral constituents of 
the soil in plants, and while he believed that they were essential to the 
life of plants, his contemporaries regarded them as nonessential, 
or at the best useful only as a kind of stimulant. 

Justus Von Liebig, as a result of his investigations, published in 
1843 a new edition of his notable work, "Chemistry in its Application 
to Agriculture and Physiology," in which it may be said he laid the 
foundation of the celebrated "mineral theory" of agriculture. 

Prior to the time of Liebig the use of manures and fertilizers was 
purelv an art, the beneficial results of which had not been satisfac 
torily explained. Liebig s mineral plant food theory, apparently 
so ample, and in time widely accepted, attributed the beneficial 
ell ect of fertilizers solely to the plant food constituents which were 
supplied to the growing plants, and thereby laid the foundation for the 
compounding of fertilizers to meet the needs of soils and crops. 
There soon sprang into existence a soil chemistry which had for its 
object an investigation of the stores of plant food in soils with a 
\ir\\ to ascertaining the agricultural value of lands, as well as the 
character and amount of fertilizer, if any, that would give the larire-t 
net crop income per acre. It was soon learned that the soil con 
stituents existed in various forms or compounds not all of which 
\M re available as plant food, and this led to a study of inexpensive 
HUM hods of determining the available constituents, a study which 
lias formed no small part of soil chemistry even down to the present 

\ xirativestudy of the fertility of the soil* of the central and eastern Unitetl 
itluem-ed by manured and fertilizers and measured by the parafliu-pot 
BMthod. 

ti J 
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time, with little indication that a method will ever be devised that 
will prove universally satisfactory for all soils and crops. 

So far as can be gleaned from the writings of soil investigators, only 
within recent years have any considerable number of them come to 
realize that there is no definite relation between the available plant 
food constituents of soils, as determined by mineral analysis, and 
their crop-yielding capacities. Neither had they arrived at that 
further realization that the crop-yielding capacity of a soil is 
dependent upon a complexity of factors, any one of which may be 
dominant, but all of which are concerned in large or small degree. 

Arable soils contain the organic remains of previous crops together 
with excretions produced during their growth and are also filled with 
living forms. Their bacterial flora is diversified and the activities 
and processes which take place within the soil, physical, chemical, 
and biological, are exceedingly complex, and at present but imper 
fectly understood. It is the sum total of these activities and their 
products that determines largely the fitness of a soil for plants, 
rather than the variation in the character and composition of its 
mineral matter. While manure and fertilizers may often increase 
crop yields as a result of a direct supply of plant food or as a 
stimulant to the plants, there is now abundant evidence that their 
effect is rather the result of a direct action upon the soil, thereby 
changing its relation to plants. Complex and imperfectly under 
stood as is this action, it is a more satisfactory explanation of the 
benefits derived from fertilizers than the idea that the inconsequential 
amounts of nitrogen, potash, and phosphorus applied, as compared 
with the larger stores of those elements already in the soil, should 
be directly responsible for such marked increase in growth as fre 
quently follows the application of fertilizers. 

The prime object of manuring the soil, whether with stable manure, 
green manure, or commercial fertilizers, is to increase its crop- 
yielding capacity, and in order to justify the practice the resulting 
increase in product must be more than enough to offset the cost of 
the fertilizers applied. That is to say, the beneficial effect on the 
present and succeeding crops must be sufficient to compensate for the 
cost of the fertilizers and give a profit on the capital so invested. 

The first noteworthy use of commercial fertilizers in the United 
States was in 1848, during which year there was imported 1,000 tons 
of guano. This was followed the succeeding year by twenty times 
that quantity, after which date the importation steadily increased 
until 1880, when it reached its maximum and began to fall off because 
of a failing supply. Other materials, notably sodium nitrate from 
Chile arid t he potash salts from Germany, have taken the place of the 
failing supply of guano, and these, together with the development of 
our phosphate mines, the use of cotton-seed meal, and the utilization 



OBJECT OF THE INVESTIGATION. 9 

( slaughterhouse by-products, have met the continually increasing 
i inand for commercial fertilizers by our farmers. According to our 
C -nsus reports, the expenditure for fertilizers in the United States 
i . 1880 was $28,500,000. Ten years later it was $.38,500,000, and in 
1 (() it reached the significant sum of $54,750,000. There seems 
1 lie doubt that this rate of increase in the use of fertilizers will 
continue for some time to come, and the subject is one of sufficient 
i itional importance to justify careful investigations. 

OBJECT OF THE INVESTIGATION. 

The object of this investigation is not for the purpose of explaining 
1 o\v fertilizers act nor of studying the relation of the composition of 
t lie soil to the beneficial effect of the fertilizer when applied to it, 
1 ut rather to compare the effects of several high-grade standard 
fertilizer ingredients, lime, stable manure, and cowpea vines when 
applied under like conditions to a large number of soils, ccdlected 
from widely separated areas and representing a wide range in soil 
i exture, type, origin, and crop adaptation. By making a comparative 
1 est of a large number of soils it was thought that there might be 
stablished a relation between the manurial requirements and the 
rigin, formation, type, or crop adaptation of the soil. 

While there has been recorded in agricultural literature, in the 
iggregate, a large number of field tests of fertilizers on a great variety 
&gt;{ soils, representing nearly ever} State in the eastern half of the 
L nited States, it is impossible to make a satisfactory comparison of 
lir results obtained, because of the innumerable details in which the 
-nnditions of the tests do not agree. The variation in the amount, 
la-s, kind, and composition of the fertilizer used, the time and 
manner of its application, the test crop used, and the weather condi 
tions \\ liieh prevailed form such a wide range of possible combinations 
tlmt it is rare to find two tests that are strictly comparable. 

In the present investigation the same variety of wheat was used 
throughout as the test crop, and all of the conditions for growth, 
t \ i-pting the manurial treatments to be tested, were maintained as 
nearly uniform as possible. With the same fertilizer ingredients, in 
like form and used in the same combinations, for a crop common to 
all. the re-nit- obtained from this large number of soils are strictly 
comparable, and far exceed in number any similar tests that can be 
hrought together on such a basis. 

Mention should aUo be made of the fad that all tests reported in 
the following tables under areal surveys -and they constitute fully 
four-fifths of them \\eiv made for the further purpose of gaining 
practical knowledge concerning the manurial requirements of the 
principal soil type- afi established b\ tin- soil &gt;ur\e\ parties and with 
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the ultimate object of determining what manures or fertilizers would 
give best results on the soils. The results of all such tests are reported 
in general terms in the soil survey reports for the respective areas in 
which they occur. 

THE SOILS. 

The soils tested in this investigation, 220 in number, represent 90 
types, half that number of soil series, and many geological forma 
tions. The samples were taken from twenty-three States, extending 
from the Mississippi River to the Atlantic seaboard and from Rhode 
Island to Texas. With the exception of a limited number of mis 
cellaneous samples, the greater number were collected from areas 
that were in process of being surveyed by the Bureau of Soils dur 
ing the summer of 1905, and the following winter, and are representa 
tive of the soils of those areas rather than the vast expanse of country 
included in the twenty-three States above mentioned. Each sample, 
being a composite, made up of fifteen or twenty small samples, taken 
from different parts of the same field, is representative of the field from 
which it is taken as well as the type which it represents. The sam 
ples were placed in strong grain bags and shipped to the Bureau s 
headquarters, where they were at once transferred to covered gal 
vanized iron cans for storage. In this way the original condition 
and original moisture content were, as far as practicable, maintained 
until they could be tested. This is important in relation to the test, 
for it has been found by experience that as a result of long storage 
and resulting air-dry condition soils become more productive and 
are usually less responsive to fertilizers than when such a change is 
prevented. 

THE METHOD. 

The paraffin-pot method, described in Circular No. 18 of this 
Bureau and in the appendix to Farmers Bulletin No. 257 of tin 
United States Department of Agriculture, was employed in these tests, 
and while it is not designed to supersede field tests, results obtained 
with it, when compared with results obtained on the same soils at 
the agricultural experiment stations in Rhode Island , a New York, 
Ohio, 6 Iowa, Missouri, and North Carolina, show that it will indicate 
the manurial requirements of soils for general farm crops with a fair 
degree of accuracy. It is also admirably adapted to an investigation 
of the character described in the following pages. 

The soil to be tested is thoroughly pulverized by crushing all lumps, 
and if containing stone or gravel this is removed by sifting. The 
sample is then thoroughly mixed and equal amounts weighed into 

See Bill. 10!) of the Rhode Island Expt. Sla. 

*&gt;See Bub. Nos. 167 and 168 of the Ohio Agricultural Expt. Sla. 
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pans, where they receive their respective applications 
oi niiinure or fertilizers and are made up to their optimum water 
&lt; ntent with distilled water. After remaining in the pans for about 
a week, being occasionally wet with distilled water, and frequently 

irred in order to secure a thorough incorporation of the fertilizer 
a id a good soil condition, it is ready to pot and plant. Five small 
v ire-gauze pots are used for each treatment. About 3."&gt;0 grams of 

iil is then placed in each pot, uniformly packed, and planted with 
-elected germinated kernels of wheat, after which the pots are 

ipped in melted paraffin, which not only forms an intimate contact 
vith the soil but makes the pot water tight. The soil is then cov- 

-ed with a thin layer of washed quartz sand and the pot and con 
tents weighed and weight recorded. The pots are next placed in 
t "ays and given a favorable exposure in the greenhouse for three or 
f mr days or until the plants attain a height of about H inches, at 
vhich time the pots are sealed. The sealing consists of covering 
1 he tops with paraffined paper disks in which are slits through which 
1 he plants grow. The disks are sealed to the sides of the pots by 
i neans of melted paraflin. The loss of water by direct evaporation 
from the soil is in this way reduced to a negligible quantity. 

During the growing of the plants, which usually continues from 
ighteen to twenty-one days from the date of sealing, the pots are 
-veighed at intervals of two or three days and watered with distilled 
vater in order to retain a favorable moisture content for plant 
growth. By this method the loss of water or the amount transpired 
by the plants may be ascertained periodically, and at the end of the 
3xperiment the total amount of water given off through the plants 
of each pot obtained for comparison with the growth and green 
weight of the plants, which is ascertained by cutting and weighing 
the plants at the time the experiment is concluded. All conditions 
of the experiment are so carefully controlled that the average result 
of five pots rarely differs more than 5 per cent from the average 
n Milt of any other five pots that have been treated throughout in 
precisely the same manner (see Table I). Differences which occur 
beyond this amount may therefore safely be attributed to the different 
manurial treatments \\hich have been given. This method has 
-r\rral advantage- over the growing of plants in ojx&gt;n and porous 
pot-. The method of coating the soil with paraffin prevents any 
accumulation of root-, between the soil and the receptacle, a trouble 
which is common in put experiments. The complete -M-alini: up of 
the &gt;oil al-o enable-, the experimenter to determine the amount of 
water which the plant ha-* actually used and transpired in its process 
"! Lirowth, and this, together with the small si/e of the pots, enables 
the moisture content and its lluct uat ions to be carefully controlled. 
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On good soils, or as a result of favorable treatment, plants are I 
produced in the little pots in twenty-five days or less time, the green 
weight of which sometimes equals or exceeds 1 per cent of the weight 
of the soil in which they grew. Such plants are approximately 85 
per cent water; they have transpired about 100 units of water for 
each unit of green matter produced, and their dry matter is relatively 
richer in mineral constituents and nitrogen than that of mature 
plants. On this basis, an acre foot of soil, weighing 3,500,000 pounds, 
would produce 35,000 pounds of green matter, requiring for its pro 
duction the equivalent of M\ inches of rainfall. This green matter 
would be equivalent to 5,900 pounds of air-dry material, or about 
50 bushels of wheat and \\ tons of straw to an acre. While the 
removal of green matter equal to 1 per cent of the soil in the little pots 
is somewhat above the average, it serves as an illustration of the 
heavy draft made upon the soil in a very short time, a draft, as 
regards moisture and mineral constituents, although part of the 
latter comes from the seed, greater than that which takes place under 
field conditions by the removal of a large mature crop, assuming 
that the removal takes place to a depth not greater than 1 foot, 
which for wheat and similar crops would be approximately correct, 
and providing also the movement of plant food by capillarity from 
below 1 foot be ignored. 

TABLE I. Actual transpiration in grams for each of twenty pots, on three soils, under 
uniform treatment, and the percentage variation from the average for each pot, also average 
percentage variation of each group of five pots. 



Leonarcltown loam. Corn. 


Cecil clay poor. 


Leonardtown loam. 


Transpi 
ration. 


Variation. 


Transpi 
ration. 


Variation. 


Transpi 
ration. 


Variation. 


For each 


For each 


For 5 


For each 


For each 


For 5 


For each 


For each 


For 5 


pot. 


pot. 


pots. 


pot. 


pot. 


pots. 


pot. 


pot. 


pots. 


Grams. 


Per cent. 


Per cent. 


Grams. 


Per cent. 


Per cent. 


Grams. 


Per cent. 


Per cent. 


69.9 


- 5.5 




39.3 


+10.1 




87.5 


+ 0.4 




77.0 


+ 4.9 




25.7 


-28.0 




90.5 


+ 3.9 




58.7 


-20.1 


-0.9 


37.7 


+ 5.6 


-2.8 


89. 1 i + 2. 2 


+3.3 


83.5 


+ 12.8 




34.8 


- 2.5 




98.4 


+ 12.9 




76.5 


+ 3.3 




35.9 


+ 0.6 




84.8 


- 2.6 




59.1 


-20.2 




35.8 


+ 0.3 




89.9 


+ 3.2 




72.1 


- 2.6 




37.3 +4.4 




99.2 


+ 13.9 




79.2 


+ 7.0 


-3.0 


38. 6 ! + 8. 1 


+ 4.1 


87.7 


+ 0.7 


+ 1.6 


73.9 


- 0.2 




35.4 : - 0.8 




80.5 


- 7.6 




74.1 


+ 0.8 




38.9 ! +8.9 




85.2 - 2.2 




82.3 


+ 11.1 




38.8 i +8.6 




79.8 - 8.4 






- 9.8 




33.6 - 5.9 




79.5 : -8.7 




7&lt;X6 


-4.6 +2.2 


37.8 + 5.9 


+0.8 


86.1 i - 1.1 


2. 7 


68.9 


- 6.9 1 


38. I + 6. 7 




88.8 ; + 1.9 




89.9 


+21.4 




31.7 -11.2 




89.5 +2.7 




84.3 


+ 13.8 




34.7 -2.8 | 


82.4 


- 5.4 




79.0 


+ 6.7 




32.3 


- 9.5 




83.0 


-4.7 




76.4 


+ 3.2 


+2.0 


39.8 +11.2 


I -2.5 


94.3 


+ 8.2 


2. 1 


68.3 


7.7 




36.9 +3.4 | 


87.4 


+ 0.3 




09.7 


- 5.8 




31.2 U.O 


1 


79.3 - 8.9 





rKi:ni.i/KKs rsi;n. 
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FERTILIZERS USED. 

In this investigation the tests were confined to the use of high-grade, 
standard fertilizing materials, consisting of nitrate of soda, sulphate 
of potash, and acid phosphate, together with air-slaked lime, well- 
lecomposed stable manure, ami green cowpea vines. These ingredi 
ents were applied to the soil separately and in various combinations 

AS follows: 

Treatment and rate per acre. 

1. Untreated. 

2. Manure, 10 tons. 

3. Lime, 1 ton. 

4. Nitrate of soda, 200 pounds. 

5. Sulphate of potash, 200 pounds. 
G. Acitl phosphate, 200 pounds. 

7. Nitrate of s&lt;xla and sulphate of potash, 200 pounds each. 

8. Nitrate of soda and acid phosphate, 200 pounds each. 

9. Sulphate of potash and acid phosphate, 200 pounds each. 

10. Nitrate of soda, sulphate of potash, and acid phosphale, 200 pounds each. 

11. Same, plus lime, 2,000 pounds. 

12. Cowpea vines 5 tons, lime 2,000 pounds. 

The rate of application is based on the weight of an acre of soil to the 
depth of 7 inches, which is approximately 2,000,000 pounds. The fer 
tilizers were applied in solution, and the lime, manure, and cowpea 
vines in bulk, each being finely ground. 

CALCULATION OF RESULTS. 

While this report combines the results of more than 1.3,000 pots, 
individual record of which has been made, the results were reported 
on forms, of which the following is a sample: 

[Cnn 101.] 

Actual transpiration and green weight and relative transpiration and grmi u-eight of so 
wheat plants on the basis of 100 for the untreated soil. 

Soil: Norfolk Sandy Loam. Locality: Waycross, Ga. 

Planted: Aprils. iSealed April 10. Disctd.: April 2H. Bask.tN,, 



Num 
ber. 



1 









Treatment and pans per million." 


Transpira 
tion. 
18 days. 


Gree 
weigh 








1 Untreated... 


757.6 


7 


! Manure 10,000... 


129S.2 


14 



Relative varia 
tion by 



2 

i- C\M- i.ooo.. 

" Nitrate of soda, potassium sulphate, and acid phos- 

1 phate 100 each ; 

11 &gt; Same + lime 1,000 

7 Nitrate of soda and potassium sulphate 100 each ! 

h Nitrate of soda and acid phosphate 100 each 

4 Nit rule of soda 100... 

i ssium sulphate 100 

Potassium irtwtttT and acid phosphate 100 each . 

Lime 1,000 .... 

Add phosphate 100 



lion, - - . 
18 days. w"fc. - 


Transpi- Green 
ration, weight. 


757.6 


7.0 


100 100 


129S.2 


14.2 






1135.7 




150 


194 


1160.3 


11.5 ! 153 


164 


1090.1 


11.0 


144 


157 


1047.2 




139 


154 


997.6 


132 


137 








136 




- 


114 






no 


114 


&gt;3.0 


7.0 


106 


100 




6,5 


86 


93 



Pans per million multiplied by 2 equals the pound rate per acre on the basis ,.f 2,01)0.000 pounds as 

th,- weight of an u. iv &gt;f soil 7 inches deep. 
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On this form are given the total transpiration and total weight of 
green plants for each treatment, consisting of five pots. The trans 
piration and the green weight of plants for each treatment are 
entered in the third and fourth columns, respectively, while the 
relative transpiration and weight, based on 100 for the untreated 
soil, are given in the fifth and sixth columns and are merely com 
puted from the actual transpiration and weight in order to convert 
the comparison to a percentage basis and make it more simple. 

The variation by transpiration, while a good indication of the 
relative growth and effect of the treatments, frequently gives a range 
of lesser magnitude than the actual growth of plants. Plants that 
have made a marked increase in growth as a result of soil treatment 
usually contain a higher percentage of water than untreated ones 
and therefore show a slightly lesser variation by dry, or water-free, 
weight than by green weight. See Table II, which follows. The 
increase in growth is also accompanied by an improvement in con 
dition which can only be measured by appearance, but which will 
usually prove an advantage to the better plants if grown to maturity. 
The Jesuits given in this bulletin are all based on the actual green 
weight of plants, the weighings being made immediately upon cutting 
the plants and under uniform conditions. 

TABLE II. Percentage gain or loss attributable to various fertilizer treatments on 

four soils. 

[P=acid phosphate. K=sulphate of potash. N=nitrate of soda. L=lime. M=stable manure.] 
A. BASED ON GREEN WEIGHT OF PLANTS GROWN ON UNTREATED SOILS. 



Soil. 


Green 
weight 
ofplants 

grown 
on un 
treated 
soils. 


Percentage gam or loss attributable to 


P. 


K. 


N. 


PK. 


PN. 


KN. 


PKN. 


L. 


PKNL. 


M. 


Cecil clay, good 


Grams. 
8.8 
8.8 
8.3 
6.5 




1 
16 

_ 7 


1 
15 


- 4 

47 
8 




9 

41 



14 
7 
47 
12 


- 4 
5 
*&gt; 
22 


5 
6 
10 

1 




9 
-14 

24 


Leonardtown loam, good. 
Leonard town loam,poor.. 






7.6 




- 


13 




11 


20 


17 


5 




9 















B. BASED OX DRY WEIGHT OK PLANTS GROWN ON UNTREATED SOILS. 



Soil. 


Dry 

weight 
ofplants 
grown 
on un 
treated 
soils. 


Percentage gain or loss attributable to 


P. 


K. 


N. 


PR. 


PN. 


KN. 


PKN. 


L. 


PKNL. 


\i 




Grams. 
1.60 
1.55 
1.20 
1.22 


- 1 
- 3 
13 

2 


-11 

- 4 

4 
18 


-! 

37 
5 




- 1 
- 8 
25 



47 


13 
5 
36 
24 


-5 
-1 
8 
6 




i 


Cecil clay, poor 


:::::::::: 


Li fiiiiirdl.own loam, good. 
Leonardtown loam,poor.. 

Average 




1.39 


3 


2 


8 




1 " 


19 


2 







\i;i;\N(il.MKNT AND TABULATION OF RESULTS. 
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ARRANGEMENT AND TABULATION OF RESULTS. 

Pablo III, which follows, gives the actual green weight of plants 
grown on the untreated soils and the percentage, increase or decrease 
in growth, the latter indicated by the minus (-) sign, resulting from 
the various fertilizer ingredients and combinations. The data are 
arranged by States, areas, and types and averages are given for areas 
and for types within areas. The symbols at the head of the columns 
are used for the sake of brevity. P stands for acid phosphate; K. for 
sulphate of potash; N for nitrate of soda; L for air-slaked lime; 31 for 
well-rotted stable manure, and Cv for green cowpea vines. The ingre 
dients and rate of application are given in the preceding form. All 
data resulting from the tests are embodied in Table III. Marked 
variations from the general trend are exceptional and most frequently 
occur with manure or cowpea vines. These substances have occa 
sionally given negative results apparently as a result of decomposition 
products from which the soil did not have sufficient time to recover 
prior to the planting of the seed. The blanks in the table indicate no 
tests for the ingredients or combinations heading the columns in which 
they occur. Practically all such omissions occurred in miscellaneous 
samples which were tested by the Bureau parties at several of the 
State experiment stations. Table III gives the results for 220 soils 
and from these results many tabulations were made, parts of which 
are given on subsequent pages. The arrangement and segregation 
of data in subsequent tables are for the purpose of a further compara 
tive study of the facts as well as to enable the reader to verify state 
ments that may follow in the text, although a number of facts are 
given from tabulations other than those which follow. 

TABLE III. Percentage increase in growth attributable to tin various fertilizer appli 
cations. 





Weight |_ 


(iain or loss attributable to- 








plants 










Soil tyi&gt;c and locality. 


grown 
onun- i P. K. 


N. 


I K PN. KN 


PKN. I.. PKNL. 


M. 


CvL. 




treated 




















soil. 




















WISCONSIN. 
























I ortago County: tirnn 
Miami .stony sand... 


P.ct. 
13 


P.eL 

11 


P.cl.P.ct.P.ct^ P.ct. 
- 3 I 11 i 21 1 22 


P.ct. 


P. a. 

19 


P.ct. 
47 


P.ct. 

8 


Miami sand 


6.0 




i:, 


33 


5 i 24 ; 2V 


7 


43 


HO 


- 4 


Miami sandy loam 









- 1 l.. 


3 


4 


21 




12 


Marshall ^rav. llv loam 


11.0 1 


-2 14 


2 3 16 


4 


2 


3 




14 


Marshall sand 


9 31 


13 23 32 


35 




8 


34 


3 


I ort. ii:&gt; silt loam 10.0 -11 


-9-6 


1 1" 


3 


5 


10 


21 


10 


Portage silt loam, 


8.7 i 2 


-16 - 2 


5-9 10 


9 14 


42 


-14 


Average for area ....; 9.0 


2 


3 12 




17 


15 


5 


JL 


1 


MISSOURI. 
























Crawford Count v: 
























Clarksvillp silt loam... 


15 


17 


27 


25 


15 


7 





1 


43 


32 


Wabash silt loam 


7.6 -11 


1 i 




3 


- 5 







2 


23 


24 


Harks villc stony loam. 14.6 4 


3-2 


- 9 


2 


11 


3 


- 8 


o 


-10 


13 


Average for area 9. 6 ) 6 


6 I 4 




7 







19 


23 


28220 Bull. 4808 3 
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TABLE III. Percentage increase in growth attributable to the various fertilizer appli 
cations Continued . 



Soil type and locality. 


Weight 

plants 
grown 
on un 
treated 
soil. 


Gain or loss attributable to 


P. 


K. 

P.ct. 


N. 
P.ct. 


PK. 


PN. 

P rt 


KN. 


PKN. 
P.ct. 


L. 

P.ct. 


PKNL. 


M. 

P.ct. 


CvL. 


MISSOURI continued. 

Scotland County: 
Shelby silt loam 
Miscellaneous: 
Loess, McBain County 
Clay loam, Salem 
Silt loam, Columbia. . . 

INDIANA. 

Newton County: 
Marshall fine sandy 


Grams. 
9.6 

7.8 
7.0 
5.9 

6.3 
7.6 
12.6 


P. ct. 


P rt 


P.ct. 


P. ct. 


P. ct. 
30 

35 
35 
50 

- 2 
34 
- 4 


7 
8 


24 

22 


14 

28 


22 

26 
25 
29 


17 

26 
50 
54 

5 
14 


32 

47 
60 
44 

12 
21 
13 


28 

50 
68 
61 

- 4 
16 
-17 


11 

19 
25 

-12 
22 
-12 


28 


69 

23 
57 
34 

60 

77 
32 


50 
66 

- 1 
21 

- 7 


5 
17 
-21 


12 

22 
- 2 


9 
17 
-14 



20 
- 8 

4 

10 
- 6 
26 

j[ 


Marshall loam 


Clyde fine sand 
Average for area 

Tippecanoe County: 
Marshall silt loam 
Marshall loam 
Miami silt loam 


8.8 


11 

1 
2 
21 


4 

6 
7 
28 


- 1 

""4" 

58 


15 

3 
18 
46 


- 2 


- 1 


4 


56 

- 2 
42 

71 


9 

4 
- 2 
30 


7.2 4 
7. & - 3 
5.6 30 


12 
6 

58 


- 7 
- 3 
17 


6 

7 
35 


Average for area 

OHIO. 

Westerville area: 
Miami black clay loam. 
Miami clay loam 


6.8 10 


8 


14 


31 

13 
27 
1 


22 

= 

7 
11 
8 

"T 

46 
30 
- 6 


25 

: - 

A 

5 


2 

I 

3 

7 

30 


16 


37 

22 
15 
48 


11 


8.3 
6.1 
8.6 


-11 
11 


6 
5 
3 

^ 


- 2 
15 
- 2 

4 


9 
3 
- 3 

3 

14 
6 
- 9 

- 1 
- 5 


11 
11 


5 
45 
15 

22 


Average for area 

Miscellaneous: 
Volusia silt loam, 
Wooster 


7.8 

5.8 
7.1 


- 3 


4 
4 


14 

47 
24 
- 6 


8 


28 




62 

27 
- 6 


76 
4? 


52 
10 
9 


22 


Miami clay loam, Ger- 
mantown 
Miami clay loam, 
Strongs ville 

NEW YOEK. 

Tompkins County: 
Dunkirk clay loam 
Dunkirk clay loam 

Average for type 

Dunkirk loam 
Miami stony loam 

Average for area 

Uinghamtonarea: 
Dunkirk gravelly 
sandy loam 
Dunkirk gravelly loam 
Wabashloam 

Average for area . . . 

Other localities in State: 
Volusia silt loam 
Volusia silt loam 
Volusia silt loam 
Dunkirk clay loam . . . 
Dunkirk clay loam. . . 






5 

9 
4 


12 

13 
55 


9.0 
4.5 




-18 


6 

27 


23 
47 


11 

42 


-14 
29 


12 


68 
33 

51 


- 5 
54 

25 



26 


6.8 - 9 


7 

2 
1 


34-3 


17 

16 
- 8 


35 


27 

12" 
11 


8 

- 7 





IT 

7 


8.4 
9.6 


4 

4 


15 
1 


- 1 
- 4 


20 
6 


46 
36 


7.9 


- 5 


4 

1 
9 
11 


JL 

11 

1 
5 


- 3 

4 
- 8 
16 


10 24 


19 


2 


10 


46 


19 


6.6 
10.6 
10.6 


4 
9 
- 1 


20 

12 


16 
9 
22 


1 
7 
26 


26 
- 3 
10 


27 
-11 
15 


29 
20 
31 


69 
- 9 
10 


9.3 

5.4 
4.8 
6.6 
8.9 
10.2 


4 

2 
- 2 
4 
16 
11 


7 

15 
15 
22 
29 
11 

-:iz . 


6 

13 
34 
10 
20 
18 

,- MS . 


4 

- 

11 
15 
11 
31 
- 5 


11 

8 
21 
4 
10 
- 6 


IJL 

38 
53 
19 
21 
6 


11 

20 
35 
23 
28 
5 


11 

9 
15 
8 
19 
8 


10 


27 

51 
81 
77 
17 
17 


23 

29 

""is 

28 
21 


32 
62 
15 
22 
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TAHI.K 111. I err.entagr. incrctue in growth attributable to the various fertilizer appli 
cations font in ucd . 



Soil typeund locality. 



I KSNSVLVASIA. 

Montgomery County: 

Ilagerstown loam 

I enti silt loam 

Lansdale silt loam 

Chester loam 

Average for area 

IIIIUDK ISLAND. 

The State: 

Miami silt loam. King 
ston 

Miami stonv loam, 
Middle ton... 

Miami stony loam. 

Jamestown. .. 
Miami stony loam, 

Curtis Corp. I 
Miami stony loam, 

Woonsocket... 
Miami stony l am, 

Little Compton 

Miami stony 

Ashaway . . . 

Average for typo.. 

Gloucester stony loam 

East ( ! reenwich 

Gloucester stony loam, 

Chepachet 
Gloucester atony 1&lt; 

Tarkiln 

Gloucester si 

Foster. 
Gloucester *i 

Greene. . . 

Average for 1y|- 
Alton stonv loam, 

II- M,. VMlle y.. 
Alton ston. 
Wtekford.. 



Warwick sandv loam. 

Alton 

Warwick sandy loam, 

Barn 

Average f..r t\|-. 
Average for urea . 
VIRGINI 

Ilisa COM- 
Cecil sandy loam 

&lt;,,! loam 

Average for 

noviT County 
\\lrkllMln sjind\ |n-m 

Norton 

Aver... 



WHfU 



grown 

on iin- 

t n-n ted 

soil. 



(tram*. / . rt. 

10.3 13 

12. 3 8 

9.9 

7.8 



riiiin or loss attributable to 



I K. I X. KN. I KN. 1.. PKNL. M. Ci 



P.ct.P.ctlP.ct.\P.ct.P 

-2 1 I 11 I 13 

12 8 11 11 
W 1 27 7 
9 4 21 18 



rt. / .r/. 1 I .ct. 

96 23 
13 - 8 

7 19 i 17 

. 7 4 33 



- 


3.6 - 8 

7.8 


-19 


- 14 28 | 22 22 


31 133 .111 

IS ! 41 


39 




5. 8 
(i.7 
9 1 




I 


Jl M 1 94 
7 o 4! 
10 10 17 






!"&gt; 4 






~&gt; 8 






.1 6 






4 21 35 






8.4 ;.. 

8.7 




. 


11 i 18 40 
1.1 2 37 


=^ ; ^=^ 




8.5 






4 9 21 






11 4 






30 






8 5 






, 
2 25 14 







7.2 






-22 8 30 







8.9 





. 1 . .1 


09 20 






_ = 
5.5 


z 


= | r 


34 3* 54 


=====* 




4 7 






:&gt;i - 2 51 






sTl" 







43 18 53 


- 




7 i 




=r= ; ==.== r== 


41 - K 42 




im, 


7.2 






23 28 42 






7 2 j 




: -, 


32 10 42 


















. 




1 


1". 14 35 






7.2 24 
4.6 36 


5 
47 


13 31 13 27 
75 26 75 100 


30 5 39 
102 71 ; 153 


25 57 
63 158 


.... 


5.9 30 


% 


44 2K H M 


66 38 1 W 


44 His 


m. 


7.5 - 3 

L^i^L 

7.5 


5 

11 

=^3= 


11 -1 10 16 
20 1A 17 35 

| 16 X 14 26 


36 9 35 
30-1 47 

s7 ~~4 iT 


31 -12 
44-8 



18 



FERTILITY OF SOILS AS AFFECTED BY MANURES. 



TABLE III. Percentage, increase in growth attributable to the various fertilizer appli 
cations Continued. 



Soil type ami locality. 


Weight 
of 
plants 
grown 
on un- 
t reated 
soil. 

Grains. 
12.9 

11.7 
13. 2 


Gain or loss attributable to 


P. 


K. 


N. 

P.ct 
6 

- 3 

l 

122 
37 

22 

77 

65 


PK 


PN. 


KN. 


PKN. 




PKN I,. 


M. 

P.ct 
- 3 


CvL. 


VIRGINI A con ti nued . 

Appomattox County: 
(Veil clay 
Cecil clay, Pocahontas 
field 
Cecil clay, Mitchell 
field 


P.ct 


P. ct 
4 

41 
9 

30 
21 


P.ct 
-13 

- 2 
3 

01 
20 

3 
40 

31 

99 
29 
19 
33 

29 
-14 
16 

31 
35 
16 
19 
20 

28 
- 9 

1 


,, 

i; 

124 
45 

20 

87 

69 


P.ct. 

12 

131 
51 

33 
117 

83 

14 

39 

71 

59 
40 
11 

51 

HX 

02 
21 
22 

20 
40 
16 


P. ct. 
2 

9 

6 

151 

03 

29 
110 


P.ct 

- 1 

- 
5 

66 
16 

X 
70 

40 

6 

45 
52 
- 1 
25 

1 
10 
31 

43 
26 

19 
4 
11 

8 
33 
3 


P. ct. 
2 

- 4 


P. Ct. 

24 
6 

144 
37 

34 
230 


NORTH CAROLINA. 

New Hanover County: 
Norfolk sand 
Norfolk fine sand 
Norfolk fine sandy 


4.1 
6.4 

7.3 

3.0 


37 
3 

3 
13 


154 

70 

31 
173 


241 
94 

130 


Portsmouth fine sand . 
Average for area 

Miscellaneous: 
Cecil clay (good), 
Statesville 
Cecil clay (poor), 
Statesville 
Cecil clay, Iredell test 
farm 
Cecil sandy loam, 
Raleigh 
Iredell clay loam, 
Statesville 
Norfolk fine sandy 
loam, Edgecombc . . . 
Norfolk fine sandy 
loam Tarboro 
Porters clay, Asheville. 
Porters clav, Biltmore. 
Porters sandy loam, 
Blantyre 
Portsmouth sand, 
Pinehurst 
Portsmouth silt loam, 
Chowan County 
Silt loam, Union 
County. . 


5.2 


14 


107 


131 

9 
-14 
90 
53 
33 
(Hi 

8 
61 

61 
41 
40 

28 


111 


S.8 
X. X 
4.5 
4.1 

4.X 

3.0 
5. S 
12.4 

4.5 
4.8 
4.5 
4.6 
4.7 




- 1 

xo 

20 

44 

25 
- 
11 

4 
42 
2 
- 4 
9 


- 2 
1 
34 
31 

42 

22 
- 2 

44 
26 

19 


11 

8 
3 
6 


- 4 

42 
30 
16 
03 

42 
29 
18 

20 
42 
14 
32 
28 

20 
28 
19 


9 

6 
97 
23 
9 
52 

51 
24 

20 

20 
43 
23 
19 

17 

8 




- 4 

49 
34 
56 

03 
19 
25 

24 
50 
02 
42 


105 

103 

28 
77 

70 
53 

20 

22 
40 

51 
10 


3 

54 

78 
15 
24 

31 
45 
74 


Tobacco soil, Wake 
County 

SOUTH CAROLINA. 

York County: 
Cecil sand 
Cecil sandy loam 
Iredell clay loam 

Average for area 

Cherokee County: 
Cecil clay 
Cecil silt loam 
Cecil fine sandy loam.. 
Cecil sandy loam 
Iredell clay loam 

A vcnigi for area 

Lancaster County: 
Cecil silt loam 

Miscellaneous: 

Orangebuig sn miy 
loam, St. Malt hews. . 
Portsmouth sand y 
loam, Darlington 


3.9 
7.0 
7.7 


-15 
40 



54 
34 
18 


71 
41 
17 


90 
51 


86 

58 
19 


6.2 


8 





24 

30 
52 
46 
35 
32 


7 


5 

26 
47 
40 
33 
27 


25 

39 

52 
40 
60 
46 


.::, 


15 


43 


72 


46 


7.4 
0.0 
5.9 
0.9 
9.1 


- 4 
2 
- 3 
-12 
- 3 

4 


- 6 
1 

7 

7 
7 


"I 

- 1 

9 


48 
52 

58 

27 


4 

29 
4 

M 


44 
50 
68 
65 
42 


42 
81 
88 
71 
86 


74 
123 
i 

7 


7.2 


40 


3 


36 


49 


44 


18 55 


64 


II 
111 

17 
138 


7.3 
11.8 




75 
13 


15 
9 


Hi 


01 

14 
26 


07 

M 

30 


8 

19 
40 


73 

2X 
105 


10 

2t 

44 





ARRANGEMENT AND TABULATION OF RESULTS. 



TABLE III. Percentage increase in growth attributable to tin vanou fertilizer &lt;ift]li- 
cationa Continued . 





Weight 


(Iain or loss attributable to 




of 

plants 










Soil type and locality. 


grown 

on un 


P. 


K. N. 


I-K. 


1 N. 


KN. 


i KN. 1.. I-KNI.. M. CvL. 




treated 


















soil. 
















TF.NNKSSF.E. 


















Henderson County: 


(inim/t. 


P. ct. 


P.ct 


P.ct. 


P.ct. 


P.ct. 


/ .c/. 


P.ct. P.ct. P.ct. p.ct.P.ct. 


Lexington silt loam.. . . 


7.5 




1 




6 


10 


44 


30 5 57 ,72 17 


UNTUCKY. 


















Memphis Ut loam 


5.0 


-~- 


3 


_ 





25 


42 


42 18 ! 48 | 70 - 2 


QEOBOIA. 











ivcross area: 
"Norfolk sand, I. miles 




















west Waycross 


5. 5 


- 9 


24 


V, 


27 


J .i 


liT, 


72 &lt;A 111".! 


r. 4 us 


Norfolk sand, 4J miles 




















&gt;!: \\IIVITOSS. 


&gt;. i 


- 4 


30 


] 


IX 


4.1 


. M 


.".7 20 121 


114 132 


Norfolk sand, J inili-s 




















NW. Waltertown ... 


li. 1 


- 2 


- 5 


M 


5 


22 


41 


1:4 :M 


77 05 


Average lor type 


5.7 


- 5 


10 


47 


17 


39 


52 


51 39 96 


KVi ia r &gt; 


Norfolk fine sand, : 




















mitotfW. Wavrn-v 
Norfolk fine sand. N 


li. 1 


7 


15 


55 


23 


4 . 


r.9 


74 :(4 84 


102 107 


miles SK. W ay cross . 


ti.O 


5 


8 


53 


- 2 


18 


38 


. r iO 27 , 32 


113 107 


Norfolk flue sand. 2 




















miles W. Wayi-ross.. 


7.4 


- 9 


- 8 


- .3 


- ; 


-12 





14 (i 25 


28 30 


Average f&lt;" type . . 


(V.5 


1 


5 


35 


5 


18 


30 


40 22 47 


81 83 


Norfolk Sandy loam. 




















2J miles N. v\ av- 




















cross 


7.0 


- 7 


14 


3ti 


14 


37 


54 


i.4 57 


1IU . 4 


Norfolk sandy loam. 




















3 miles N&gt;. ^ay- 




















cross 


fi. 5 


11 


15 


54 


16 


77 


102 


S5 .-{5 1 100 


im UK* 


Norfolk sandy loam. 




















2j miles SW. Klsie.... 


5.0 





If. 


20 


3 


ir&gt; 


42 


25 -9 


54 42 


Average for type. . 




1 


15 


37 


11 





00 


58 9 1 67 


89 82 


Norfolk flue sandy 




















loam, 51 miles \\ . 




















\\ avcross 


7.5 


17 


28 


00 


23 


03 


83 


73 40 vi 


113 113 


Norfolk fine sandy 




















loam, a miles K. 




















rt aycross 


7.9 


1 


5 


29 


li 


21 


38 


24 22 36 


% r,7 


Norfolk fine sandy 




















loam, 4 miles N. 




















Manor 


. {. (I 


H 


29 


74 


35 


51 


79 


80 64 105 


150 170 


Avenige frr type.. 


6.4 


10 


21 


~M~ 


~^T 


45 







120 119 


I ortMiKititii iinesand. 




















:.} miles SK. \\uy- 




















cross 


5.2 


6 


21 


73 


81 


92 


104 


77 ! 29 117 


150 148 


il.i , lie Kind, 




















1 miles. Need ham.... 


5.2 


1 


15 


50 


11. 


75 


80 


90 92 153 


2111 175 


nt ,1 ;;i.i- sand. 




















1 miles, (ileninore... 


5.5 


2 


18 


33 


24 


33 




71 ! 20 j 75 


64 ; 109 


AveraRe for ty|). . 


5.3 


3 


18 


62 


27 


67 


71 


7 i 47 US 


144 i 144 


VveragP for area... 






15 


~~45~ 


16 


. 









untv: 


















1 


Port Miiouth Kami 




2 


5 


12 


5 


18 


11 


11 48 48 


47 35 


Norfolk sand... 




uT 


18 











~ 74 


S3 107 


Norfolk sand 


5.!l 


6 


32 


45 


15 


20 


84 


40 24 | M 


94 97 


Norfolk M. rid 


7.2 


4 


10 


33 





16 


41 


22 29 33 


66 66 


\]-... 




~T 


23 


~30 


12 


jjT 


JL 


;-Frn5" 


81 ; 90 
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FERTILITY OF SOILS AS AFFECTED BY MANURES. 



TABLE III. Percentage increase in yroirth attributable to the various fertilizer appli 
ed I io ns Con t inued . 



Weight 
of 
plants 
Soil type and locality, i grown 
on un 
treated 
soil. 


P. 


K. 

P.ct 
14 

36 

JL 


N. 


Gai 
PK 

P.ct. 

8 

32 
33 

24 


n or 1 
PN 


oss attributable to 


KN 


| 
PKN. 


i L 


PKNL. 


M. 


CvL. 


FLORIDA oonti nucd . 

Kstttmbia County Cont d. 
Norfolk fine sandy 
loam 
Norfolk fine sandy 
loam 
Norfolk fine sandy 
loam 


Grams. 

8.4 

5.5 
3.3 
5.7 


P. ct. 

- 7 

10 
24 
9 


P.ct. 
15 

-5 
27 
12 


P.ct 
-12 

39 

48 
.T, 


P.ct 
-4 

30 
12 

~l3~ 


P. ct. 
11 

32 

48 
30 


P.ct 
35 

45 
136 
72 

z 

10 
13 

HE 

57 
50 

53 

11 
19 


P. ct. 
14 

-82 
130 
75 


P.ct. 

32 
90 

51 


P.ct. 
51 

85 
136 

.il 
82 


Average for type . . 
Average for urea .. 

ALABAMA. 

Lee County: 
Cet il sandy loam 
Cecil sandy loam 

Average for tyi&gt;e .... 
Norfolk sand 


6.3 ; 8 


19 


20 16 


20 27 


26 

15 
43 

29 

62~ 
35 

4JT 


61 

28 
52 


03 


8.0 
5. 


1 
-11 

H 

9 

- 1 


9 

- 7 


! 

14-2 
29 -11 


8 
13 


31 
11 

21 

77 
40 


"43" 


58 


7.1 

iuf 

4.7 


1 


21-7 


10 


40 




10 
- 1 


40 | 3 
30 - 3 


63 
21 


103 
135 


107 : 160 
108 ; 143 


Norfolk sand 
Average, for type .... 

Norfolk sandy loam . . . 
Norfolk sandy loam . . . 

Average for type .... 

Norfolk coarse sand . . . 
Norfolk coarse sand . . . 

Average for type .... 
Average for area .... 

Miscellaneous: 
Clarksville clay loam, 


5.8 

eTT 

7.7 
6.. 9 

5T3~ 

(i. 4 


4 

1 i 
12 


4 

4 
19 


35 





42 


58 

~43~ 

53 


119 


108 

42 
til 


151 

104 

104 


42 15 
55 20 


37 
50 


46 
03 


64 

87 


- 1 


12 48 | 18 


43 


48 

~49~ 
13 


54 


15 

5~ 
22 


75 


52 134 


-12 
- 9 


15 



48 8 
20 |- 2 


34 
3 


50 
25 


70 
23 


59 
33 


101 
41 


5.8 

e~4~ 

11 5 





34 
35 

6 

17 
42 
4 
25 

52 

18 

28 
13 


3 


18 


31 


37 


13 


46 


46 


71 

no 

-13 
30 
20 
35 
20 
00 


- 3 


3 

17 


, 

5 
19 

6 
32 


2 




28 

- 4 
13 

40 
45 

59 


40 

3 

17 
19 

34 
2 
28 


42 

lit 
20 
19 

07 
12 
69 


23 

4 
16 
20 
21 
12 


70 

10 

15 
35 
55 

69 


65 

-15 

- 3 
32 
49 

37 

9 
37 

18 

25 
29 


Clarksville silt loam, 
Florence 
Orangeburg c 1 a v, 
Kings farm 
Orangeburg clay, 
Ford s farm 
Orangeburg sandy 
loam, Kawl s farm. . . 
Orangeburg sandy 
loam, Marion 

MISSISSIPPI. 

Pontotoc County: 
Lufkirfclay 
Lufkin silt loam 


!. 5 
10.3 

9. 1 
8.1 
4.8 


3 

22 
6 

i ! 


(i 
24 
- 5 

, 

8 
44 
3 

- 2 
- 6 


0.4 
5.4 

0.0 

7.0 
8.0 


8 
41 


A 

10 


22 
39 
14 

10 
23 


14 
44 

27 

21 
25 


28 6 
50 63 

45 - 3 

20 
14 9 


31 

50 
47 

18 


48 
78 
32 

24 
39 


Orangeburg sandy 
loam 
Monroe silt loam 

Average for area 

Montgomery County: 
Orangeburg fine. 


6.8 


9 


28 

43 

W 


9 


22 


26 


32 


16 


38 


24 

eo 

30 


44 


7. 5 24 
8.5 7 


20 
17 


13 
27 


53 
17 


53 

26 


48 
22 


24 

24 


04 
10 


M 

48 


Lintonin loam. . 
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TABLB III.- Percentage increase in growth attributable to the various fertilizer applica 
tions Continued . 





Weight 








Oai 


ti orl 


oss a 


tribuU 


1.1- t 


&gt; 






Soil typo and locality. 


plants 
grown 
on un 
treated 
soil. 


P. 


K 


N. 


PK. 


PN. 


KN. 


PKN. 




PKNL. 


M 


CvL. 


MISSISSIPPI- continued. 

Montgomery Co. Cont d. 
liemphfi -silt loam. ... 
Memphis silt loam. .. . 
Memphis silt loam. . . . 
Memphis silt loam. . . . 
Memphis silt loanu . . . 
Memphis silt loam. . . 


&lt;;&lt; 
10.6 
9.5 
8.6 
10.2 
11.2 
7.0 


P.ct. 
-13 
-16 
-13 
- 3 
-10 
7 


P. a. 

- 3 
- 9 

- 2 
- 7 
9 


P.ct. 

- 2 

12 
-15 
-11 
14 


P.ct. 
-16 
- 8 
3 

i 
-10 

4 


P.ct. 


10 
5 
-13 
14 


P. a. 

7 
8 
14 
9 
5 
12 


P.ct. 
1 
- 5 
13 
12 
8 
14 


P.ct. 
-1 
-5 
6 
1 

13 


P.ct. 
16 
3 
1 
20 
-3 
17 


P.ct. 
4 

-5 

6 
&gt; 
5 
36 


P.ct. 
6 
11 
34 
28 
9 
; 


Average for type 




7 


- 2 


- 2 


- 6 





11 


7 


3 


11 





21 


Average for area . . . 


9.3 


- 1 


3 


8 





9 


18 


14 


8 


18 


18 


30 


LOUISIANA. 

Caddo Parish: 
Caddo tine sandy loam. 
Oaddo line sandy loam . 
Caddo fine sandy loam. 
Caddo fine sandy loam. 


4.4 
5.0 

8.8 
6.0 


18 
-10 
- 7 
6 


18 
4 
5 
17 


- 
33 
7 
26 


25 
- 4 
8 
- 4 


16 
2 

8 


f&gt;2 
2 
12 


36 

4 
9 
8 


18 
8 
8 
19 


52 
72 
14 
16 


20 
44 

6 
79 


186 
148 
41 
23 


Average for type... 


6.0 


2 


11 


38 


2 


13 


40 


14 


13 


39 


37 


100 


MilUT fin&gt; sand ... 
Miller fine, sand 


tft.8 
7.3 


12 

21 


12 
26 


10 


3 
21 


24 

38 


21 

17 


19 

1 


-"J 
14 


34 
1ft 


81 
43 


48 
36 


Average for type 

Norfolk fine sand 
Norfolk fine sand 
Norfolk fine sand 


6.6 

iT 

5.4 
5.3 


17 

- 3~ 
21 
15 


19 

51 
19 
21 


24 

62 
41 
32 


12 

65 
5 
36 


31 

54 
61 
32 


19 

65 
62 

61 


10 

sT 

56 
59 


18 

41 
39 
9 


25 

uT 

80 

74 


JB_ 

146 

H 
28 


42 

195 
98 
80 


Average for type 

Norfolk flne sandy 
loam 
Norfolk flne sandy 
loam 
Norfolk fine sandy- 
loam 


4.8 
8.7 


11 

4 
8 
- 3 


30 

9 

9 
M 


JL 

7 
13 
35 


I", 

9 
-19 
19 


49 

17 
8 
76 


M 

21 
13 
44 


55_ 

9 
1 
33 


30 


6 
28 


89 



30 
19 


89 

g-"- 

9 
22 

54 


.1 
25 

J 


Norfolk flne sandy 
loam 


~ 


1 


- 5 


-,. 


3 


11 


44 


35 


2 


56 


18 


47 


Average for type 


8.0 


- 1 


8 


11 


3 


29 


31 


19 





40 


26 


31 


Orangcliiirg fine sand . . 
Orange) &gt;urg fine sand. 


7.4 
5.0 


8 
-22 


10 
-10 


21 
-10 


8 
-10 


15 
20 


28 
14 


21 
28 


." 
12 


28 
50 


15 
114 


28 
124 


Average for type 


6.2 


- 7 





6 


- 1 


18 


21 


25 


! 


39 


115 


7. 


Orangeliiirtfttni 1 *andv 
loam 





3 


, 








10 


7 


15 


7 


15 


20 


. 


Onogeburg flne sandy 
loam 


5.0 








10 


, 


. 


30 


32 





44 


34 


- 


Average for type 


5.7 


2 


5 


5 


11 


IS 


19 


24 


4 





27 


61 


Average for area 

ARKANSAS. 

I rairie County: 
Calhoun clay 


6.3 
8.3 


3 

_ 

12 


13 

= . .-, 

12 




14 


"&gt; 
12 


JL 

18 


35^ 
16 


24 

; ,:n. ;= 

26 


15 
16 


45 

===== 

27 


54 



4 


74 
13 


Crowley silt loam 
Crow-ley silt loam 
Crowley silt loam 
Crowley allt loam 


7.1 
10.1 
7.0 
8.1 


1 


9 


3 
10 
14 


43 
2 


- 6 
- 6 
- 3 


? 


2 

s 


7 
3 
27 



36 
2 
43 

46 





., 


19 
7 
64 
18 


38 
I 
MO 
42 


Average for type .... 


8.1 


_L 


7 


14 


- 1 


I 





9 


32 

s== 


IJ 


27 




i. 
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FERTILITY OF SOILS AS AFFECTED BY MANURES. 



TABLE III. Percentage increase in growth attributable in the various fertilizer appli 
cations Continued . 



Soil type. 171(1 locality. 


Weight 

plants 
grown 
on un 
treated 
soil. 


Gain or loss attributable t 


i 
PKNL. 




CvL. 


1&gt;. 


K. 


N. 


PK. PN. KN. 


PKN. 


L. 


M. 


ARKANSAS continued. 

Prairie County Cont d. 
Morse clay 


Grams. 

8.8 
10.8 
11.1 


P.ct. 
4 




P.ct. 

8 
- 3 
13 


P. ct. P. ct. 

1 2 

-3 4 


P.ct. 
11 
2 
3 


P.ct. 
6 
6 
9 


P. ct. 

-J 


P.ct. 

6 
2 
- 7 


P.ct. 

- 7 
4 
- 1 


P.ct. 
6 

4 
5 


P.ct. 

~9 
4 


Morse clay 


Average for type 

Acadia silt loam 
Acadia silt loam 
Acadia silt loam 


10.2 





6 








5 

25 
1 
18 
31 


7 

24 
10 
22 
26 


- 

27 
15 
41 
18 




12 
14 
23 
-11 


- 1 
33 

Z 

41 
40 

55 
40 
150 


5 
~ 

J 
32 


12 

27 
16 
38 
21 


11.2 

7.3 j 1 
7.4 i 22 
9.0 


4 

7 
20 
11 


29 
10 
29 
6 


11 
12 
31 
11 


Acadia silt loam 
Average for type... . . 

Waverly silt loam . . . . 
Waverly silt loam .... 
Waverly silt loam... 

Average for type . . . 
Average for iircn . 

TEXAS. 

San Marcos area: 
Blanco loam 

Crawford silt clay . . . 
Crawford silt clay . . . 
Crawford silt clay. . . 

Average for type . . . 

Houston black clay. . . 
Houston black clay . . . 
Houston black clay. . 
Houston black clay. . 

Average for type . . . 
Average for area . . 

Rusk County: 
Caddo fine sandy loam 
Caddo fine sandy loam 

Average for type. . . 

Norfolk fine sand 
Norfolk fine sand 
Norfolk fine sand 

Average for type 
Norfolk fine sandy 


8.7 

(uf 

7.8 
5.0 


6 

15~ 

28 


11 

L O 

9 
20 


19 

27 
- 7 
18 


16 

27 
- 3 
23 


JL 

15 
4 
22 


21 

31 
4 
29 


25 


10 

61 
37 
104 


^_ 
38 
18 
10 


26 


38 
- 3 

28 


54 

41 
132 


6.4 

sTF 

8.7 


12 
17 


16 
10 

21 


13 
12 

Hi 


16 

8 

21 


11 


21 


21 


67 
26 

20 

~20~ 
4 
24 


82 


22 


76 


11 

23 
40 
29 


15 
10 

, .,1. - 

29 
19 
30 

i 

9 

9 
35 
21 


14 
33 

- - ~ 

22 
23 
42 


40 

T 

42 
31 
46 


21 
28 

~lo 

14 
56 


36 

37 

52 
34 
11 


9.2 
9.2 

8.8 


20 

- 7 
13 


21 
2 
25 


31 20 
19 - 1 

30 18 


9.1 


9 


16 


27 | 12 


26 




:) 

17 
35 
19 


16 

15 

5 

17 
6 


40 


37 

30 

8 
10 
25 


32 

42 
23 
38 
32 


7.9 

7^0 
8.1 


8 

20 
- 4 


8 
4 
21 


21 
15 
31 
21 


8 
17 
25 
5 


23 
4 
33 
12 


21 

42 
26 


8.0 


6 


7 


22 


14 


18 19 
22 20 

51 53 
43 35 


25 

28~ 

47 
34 


11 


28 
32 

47 
36 


18 


34 

34 

57 
40 


8.5 

8.2 
8.1 


8 

6 
12 


12 
11 


23 

53 
40 


14 

5 

15 


14 

17 


26 

61 
62 


- j 

sTif 

7.8 
8.6 


9 

14 
4 
5 


7 

16 
8 
6 


47 

11 
21 
19 


10 

16 
6 
- 3 


47 

29 
17 
21 

^2~ 


44 

54 
28 
36 


40 

49 

28 
36 


12 42 

21 55~ 
3 60 
10 26 


62 

86 
103 
61 


49 

48 
37 
51 


8.3 


5 10 

20 28 
31 31 


27 

38 

48 


6 


62 
56 


38 


11 | 47 


83 

105 

48 


~.r&gt; 
6.1 


41 

48 


42 
52 


65 

48 


21 

40 


64 
41 


62 
80 

53 

66 
68 

38 


Norfolk fine sandy 
loam 

Average for type 
Orangeburg fine sandy 


6.8 
9.2 

7^5 
7.0 


26 30 

-12 - 6 

i 2 
- 7 : 20 

- 3 


43 

14 

34 
31 

9 


45 

- 9 

- 1 

24 

3 
13 


47 

- 6 

26 
27 

3 


59 

14 

26 
39 

3 


57 

36 

26 
40 

9 


31 

13 

12 

8 

-11 
13 


53 


76 

68 

37 
80 

29 
67 


39 

37 

to 

26 
45 


Orangelmrg fine sandy 
loam 
Orangeburg fine sand. . 
Susquehaniia fine 
sandy loam 

Average for area 


8.0 


6 11 


32 


28 


37 


38 


54 



AKi; A.M.i: MKNT AND TABULATION OF RESULTS. 



TAULK 111.- 1 rrccntuyc 



crcaitr in growth attributable to the ntriong fertilizer appli 
cations font i nued . 





Weight 
of 


Ga 


n or loss a 


ttriluitalile to 










plants 










Soil tyjMMind locality. 


grown 

onun- P. K. V 


PK. 


PX. 


KX. 


PKN. 1,. 


PKXL. M. (v... 




treated 
















soil. 














TEXAS continued. 
































Misiflhineous: 
















Ci a 1 v e s t o n c 1 a y, 


Orum.1. P. ct. 


/ / Ct. P.fl. 


P , t 


P ct 


P.,-l. P.,-1. 


P.,-1. P.O. P.,-1, 


Uulveston 


11.2 -14 


-12 


3 -23 


- &lt;j 


4 


-20 - 2 


8 . 4 31 


Houston Mack c 1 a y 
















loam, Han Antonio.. 


5.8 8 


1 - ., M 


12 


;fi 


10 11 


19 1 - 7 


Orangeburg clay, 














Maroney s farm 


8.6 j - 3 


1 


17-3 


12 


7 


14 4 


5 i 29 j 5 


Orangeluirg fine sandy 














loam, Crockett 


y. ;( 


i 67 


17 


60 


ti7 


1*2 24 


93 19 j 58 


Orangeliurg fine sandy 








C 


31 






Orangel iirn I m. s.ind\ 












21 7 


32 14 40 


loam, Nagadoches . . . 


8. v 


1 


6 


31 10 


31 


43 


24 16 


24 56 15 


Orangeburg fine sandy 
loam, Palestine 


11.4 




- 4 


11 - K 


10 


14 


14 -15 


. . 


IOWA. 
















Miscellaneous: 


















Wisconsin drift (good; 
U i-ronsin drift (poor) 


9.6 
7.7 


-10 
19 


15 

, 


30 13 
53 30 


34 
49 


42 
79 


.12 - .1 
X2 17 


. 47 
86 


lowan drift 


9.0 


16 


25 


28 25 


47 


27 


57 i 36 


till . . 


Missouri loess 


11.6 





2 


1.1 ..... 






.1 


Kansantill ."" 


5. 4 
5.9 


7 iA 


48 


12 


57 


83 


41 i 17 
73 6 


i t 11 
42 24 


ILLINOIS. 






















Marion silt loam. . . . 


- :&lt; -11 


4 


9 


- s -13 i - 4 4s -12 


Hod silt loam 


7.0 


3 K i 19 


8 


17 


24 


22 16 3S 26 45 


NEW JERSEY. 


















Miscellaneous: 


















Norfolk sandy loam. 




















Woodbin, 
Norfolk fine sandy 


6.0 


12 


5 


20 


- 2 


16 


34 


20 2 


17 25 14 


loam, Woodbine 


6.5 


1 


1 





22 


K 


:*2 7 


31 2x 42 


CONNECTICUT. 




















Connecticut Valley area: 




















Hartford sandy loam. . 


s 






18 


3 


- 6 


18 


3 10 


L"l 1 4 ;&lt;* 


MARYLAND. 
















Miscellaneous: 














Leonardtown 1 o a m 














(good) 
Loonardtown loam 


8. 3 16 


7 


47 


41 


47 


+; 10 


17 




(poor) 


6.5 ! - 7 


1.1 







22 1 ;.. 


Muck, peat, and swamp 


1 i 






! 


soils: 










Illinois 


9. 4 10 1 49 4 39 


,4 


*. 


25 7 33 4- ! &gt; M 


Iowa 
Wisconsin. Portage 


16.0 24 ! 26 | 21 11 


- 4 15 


20 -14 64 .. 


County 
Indiana. Newton 


7.2 


25 21 i l 




39 


47 23 41 51 16 


County 
Virginia, Portsmouth . 


4.4 


-25 
53 


61 14 At) 
112 ! 69 63 


84 


41 
75 


100 14 70 40 IK 
6B 7 


Average for type.... 





22 




26 


47 


" 


42 


52 ; 21 


00 49 T.9 



- M- -O - Hull. 4 08 1 



24 FERTILITY OF SOILS AS AFFECTED BY MANURES. 

COMPARATIVE EFFICIENCY OF SALTS USED SEPARATELY AND IN 
COMBINATION. 

Table IV, which follows, is primarily for the purpose of showing 
the wide variation in the aggregate effect of the three fertilizer in 
gredients when used separately as compared with their efficiency 
when used together. This table gives the percentage increase or 
decrease in growth (the latter indicated by the minus sign) produced 
by acid phosphate, sulphate of potash, and nitrate of soda used 
separately; the aggregate increase attributable to these three 
ingredients; the increase when the three ingredients were combined 
and the difference between the aggregate and that observed when 
the same ingredients were used in combination. All soils having 
complete data for these observations are included, the total number 
being 190, and the data are arranged in a descending series, beginning 
with the greatest difference in favor of the sum of the ingredients, 
until the difference becomes zero, after which the series is ascending 
and the differences are in favor of the combination. A wide varia 
tion is shown in the last column, the difference ranging from a max 
imum of 165 per cent in favor of the sum of the ingredients to zero 
and then increasing to a maximum of 72 per cent at the other extreme 
in favor of the combination. 

Of the total number of comparisons (190) there are 71 soils in 
which the efficiency of the combination exceeded the aggregate of 
the separate ingredients, 117 soils in which the aggregate of the 
individual effects exceeds that of the combination, and 2 soils in 
which the aggregate effect of the single ingredients exactly equals 
the increase in growth when those ingredients were used in com 
bination. The number of soils that show very wide differences in 
respect to the aggregate efficiency of the ingredients as compared 
with the effect when the same ingredients are combined is small, the 
number increasing greatly as the lesser differences are approached. 
For example, 60 soils show differences of 9 per cent or less, while 
for 115 soils the difference is within the limit of 19 per cent. Within 
this limit of 19 per cent there are 51 soils in which the difference is 
in favor of the combination and 62 in which it is in favor of the 
aggregate increase for the same ingredients used separately. (See 
Table V following.) As a result of averages within these limits, acid 
phosphate gives an increase of 0.64 per cent, sulphate of potash 6.68 
per cent, and nitrate of soda 10 per cent, or a total of 26.82 per cent, 
as compared with 24.5 per cent as a mean effect of the same ingre 
dients used in combination on the same soils. "Within these limits, 
which includes 60 per cent of the soils, the average efficiency of the 
ingredients as measured by the growth of the plants is nearly the 
same whether used separately or in combination. It therefore ap- 
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pears that each ingredient has performed special functions which 
differ from and are independent of those performed hy the others, 
whether the ingredients are applied separately or in combination. 

Of the soils in which the effect of the ingredients in combination 
differs from the aggregate effect of the same ingredients used sepa 
rately hy 20 per cent or more, 55 are in favor of the ingredients used 
separately and 20 in favor of their combination. Within the former 
group of soils there are 15 instances in which the aggregate increase 
of the ingredients when used separately is more than three times as 
great as when the same ingredients were used in combination, and 12 
instances where the aggregate is less than three times but more than 
two times as great as when used in combination. Within this group, 
therefore, the function of the several ingredients is to a considerable 
degree identical, at least so far as they effect an increase in the growth 
of plants, and one may be substituted for another to a considerable 
extent. 

Of the soils in which the efficiency of the combination exceeds that 
of the same ingredients used separately by 20 per cent or more there 
are only 20. In this group the function of each ingredient is not only 
different from that of the others, but each is dependent upon the 
presence of others in order that it may have the greatest effect. 

There is no apparent relation either by soil type or locality with this 
grouping of the soils; neither do the soils of one group appear to be 
particularly more responsive to the complete fertilizer than those of 
another. Of 190 observations on each, the individual ingredients 
give negative results as follows: Acid prosphate 06 times, sulphate of 
potash in times, and nitrate of soda 22 times. The combination of 
all three ingredients gives a negative result only 9 times, while the 
aggregate effect of the individual ingredients becomes negative 21 
times. 

Table V shows the average increase produced by each ingredient, 
the aggregate increase, and the actual increase, when the ingredients 
were combined for soils in which the aggregate increase from indi 
vidual ingredients differs within certain limits from that obtained 
when the same ingredients were combined. 

There are ten soils in which each of the three ingredients when used 
separately gave a greater increase in growth than when all were com 
bined and ten others in which two of the three each equaled or 
exceeded the gain produced by the three combined. (See Tables VI 
and VII.) These soils are not confined to particular localities or 
types, neither are they associated with high or low degree of natural 
fertility, as may be seen by the wide range in weight of plants on the 
mit rented soils. 
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FERTILITY OF SOILS AS AFFECTED BY MANURES. 



TABI.K IV .Percentage increase in growth attributable to P, K, and X, and the sum of 
the same, as compared with the observed increase when a mixture of the three fertilizer 
was applied. 



[He-suits arrange 



nding 



eries, beginning with the greatest actual difference 
sum of the ingredients.] 







" 


Weight Incroaseat- 




In 








of 


tribu table to 


Sum 
of 


crease 


State. 


Locality. 


Soil. 


on un 






P,K, 


attrib 
utable 








treated 


P. 


K. 


N. 


and 


to 








soil. 








N. 


PKN. 








Grams. 


P.ct. 


P.ct. P.ct. P.ct. 


P. ct. 


Virginia 


Portsmouth 


Peat... 


3.2 


53 


112 69 234 


69 


North Carolina. 


Kdgeeombe 


Norfolk fine sandy 


4.8 


44 


42 i 63 


149 


56 






loam. 










Mississippi 


Pontotoc County. 


Lufkin silt loam.. . 


5. 4 i 41 44 52 


137 


50 


Louisiana 


Caddo Parish 


Caddo fine sandy 
loam. 


4.4 


18 


18 I 86 


122 


36 


Texas 


Rusk County 


Norfolk fine sandy 


6. 1 31 


31 ; 48 


110 


48 


Louisiana 


Caddo Parish.... 


Norfolk fine sand . . 


3.7 - 3 


51 


62 


110 


51 


North Carolina. 


Iredell test farm. 


Cecil clay 


4.5 86 


34 


42 


162 


105 


Virginia 
Louisiana 


Louisa County . . . 
Caddo Parish 


Cecil loam . . . 
Miller fine sand.... 


4. 6 36 
7.3 21 


47 

26 


75 i 158 
10 1 57 


102 
1 


North Carolina. 


Pinehurst 


Portsmouth sand.. 


4.8 42 


26 


42 


110 


56 


Missouri 


Crawford County. 


Clarksville silt 
loam. 


6. 6 26 


15 


17 


58 




Iowa 


Ames .... 


Peat 


15.0 24 


26 


21 


71 


20 


Texas. . 


San Marcos 


Crawford silt clay-. 


9.2 


20 


21 


31 


72 


22 


North Carolina. 


New II a n o ve r 


Norfolk sand...".. 


4.1 


37 


41 


122 


200 


151 




County. 














North Carolina. 


Blantyre 


Porter s s a n &lt;1 y 


4.5 4 44 


20 


68 


24 




loam. 










Illinois Manito 


Muck 


9.4 


16 


49 


4 


69 25 


Louisiana 


Caddo Parish 


Miller fine sand 


5.8 


12 


12 




62 


19 


Louisiana 


Caddo Parish 


Caddo fine sandy 


6.0 


6 


17 


26 


49 


8 






loam. 














Wisconsin 




Muck 


7.2 


42 25 


21 


QO 


47 


Indiana 
Mississippi 


Newton County . . 
Montgomery 


Marshall loam 
Orangeburg fine 


7.6 
7.5 


17 
24 


22 
20 


17 
43 


56 

87 


16 
48 




County. 


sandy loam. 












Florida 


EscambiaCounty. 


Norfolk fine sandy 


3. 3 24 3(1 


27 


87 


48 






loam. 












Arkansas 


Prairie County... 


Waverly silt loam . 


5.0 


28 


20 


18 


66 


28 


Texas 


San Marcos area.. 


Houston black 


7.0 


20 


21 


31 


72 


35 


South Carolina. 


York County 


clay. 
Cecil sandy loam . . 


7.0 


40 




28 


71 


34 


New York 
Florida 


Geneseo 

EscamhiaCount v. 


Dunkirk clay loam. 

Norfolk sand... 


8.9 
5.9 


16 
5 


29 
32 


20 
45 


65 
82 


28 
46 


Florida... 


EscambiaCounty. Norfolk sand 


5.4 


16 


18 


13 


. 47 


11 


New York 
Florida 
Georgia 


Genesee County... 
EseambiaCourity. 
Waycross area . . . 


Dunkirk clay loam. 
Norfolk sand 
Norfolk fine sandy 


10.2 
7.2 
7.5 


11 
4 

17 


11 
19 

28 


18 
33 
60 


40 
56 
105 


5 
22 
73 






loam. 














North Carolina. 
Mississippi 


Raleigh.... 
Montgomery 


Cecil sandy loam... 
Lintonia loam 


4.1 
8.5 


20 

7 


31 

17 


30 
29 


81 
53 


49 


County. 














Arkansas Prairie County . . . 


Acadia silt loam. 


7.4 22 


20 


29 


71 


41 


Indiana Newton County . . 


Marshall fi n e 


6.3 5 


12 


9 


26 


- 4 






sandy loam. 












Georgia 


Waycross area . . . 


Norfolk sand 


5.6-4 


30 


61 


87 


57 


Texas 


Rusk County 


Caddo fine sandy 


8. 1 12 


11 


40 


63 


34 




loam. 












Georgia Waycross area . . . 


Norfolk fine sandy 
loam. 


3.9 11 


29 


74 


114 


86 


North Carolina. Tarboro 


Norfolk fine sandy 
loam. 


5.3 25 


22 


42 


89 


63 


Texas San Marcos area. . 


Crawford silt clay.. 


8.8 13 


25 


30 


68 


42 


Arkansas Prairie County 
Arkansas: Prairie County 
Louisiana Caddo Parish 


Crowley silt loam.. 7.0 
Morse clay 11.1 
Norfolk fine sand.. 5.4 


i 


10 
13 
19 


43 
_3 
41 


53 
15 
81 


27 
-11 
56 


Arkansas Prairie County.... Crowley silt loam.. 8. 1 1 9 14 


2 


25 





Iowa Ames 


Wisconsin drift 7.7 1Q -^ 


53 


106 


82 


Arkansas Prairie County ... 
Texas San Marcos 


(poor). 
Waverly silt loam.! 6.5 
Blanco loam 8.7 


15 
17 


20 
21 


27 
19 


62 
57 


38 


Maryland Leonardtown Leonard town loam 8.3 


16 


7 


47 


70 


46 


(good ) . 










Georgia Waycross area ... Portsmouth fine ."&gt;. i r, 


21 


73 100 


77 


sand. 










Alabama Lee County Norfolk sandy 7.7 12 


19 


55 86 


63 


loam. 






Louisiana Caddo Parish Caddo fine sandy 5.0 10 4 
loam. 


33 27 


4 
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FAIII.K I V. -I mtiituyf increase in tjrou th attributable to I , A", and N, and the sum. of 
the same, etc. Continued. 



State. 


Locality. 


Soil. 


Weight 
of 
plants 
on un 
treated 
soil. 


Increase at 
tributable to 


Sum 
of 
P,K, 
and 
N. 


i - 

crease 
attrib 
utable 
to 
PKN. 


! Dlf- 
fer- 

jence. 

i 


P. 


K. 


N. 






Grams. 


P.ct 


P.d 


P.ct 


P.ct. 


P.ct. 


/ . rt. 


Texas 


Husk County 


Norfolk fine, sand 


8.5 


14 


If, 41 


71 


49 


22 


Alabama 
Texas 


Ford s farm 
Husk County 


Orangeburg clay.. 
Norfolk fine sandy 


9.1 22 

7.:, _M 


24 42 


88 

- 


67 
65 


21 
21 


Indiana 




loam. 
Miami silt loam... 


















Countv. 








21 





79 


- 


21 


Louisiana Caddo Parish. 


Norfolk fine sandy 
loam. 


5.6 


3 


20 




33 


19 


North Carolina Hiltmore farm 


Porters clay 


12,4 


11 


15 


Is 


44 


25 


19 


North Carolina 


Wake County 


Tobacco soil 


4.7 


9 


11 


28 


48 


30 


18 


Louisiana 


Caddo Parish 


Orangeburg fine 


7.4 


- 


in 2\ 




18 






sand. 












Ohio 


Westerville urea. . 


Miami clay loam. . 


6.1 


11 


5 15 




18 


Mississippi 


1 ontotoc County. 


Orangeburg sandy- 


7.6 




- 2 28 


43 2ti 


17 






loam. 










New Jersey 


Woodbine 


Norfolk sandy 


6.0 12 


5 \ 20 


37 20 


17 






loam. 










Missouri 
Pennsylvania... 


Scotland County. 
Montgomery 


Shelby silt loam... 
Lansdale silt loam. 


9.9 





- ! 
it 



1 


4.-, 

. 


28 


I? 




County. 














Georgia 
Wisconsin 
Mississippi 
Mississippi 


Waycross 
Portage County... 
Pontotoc County 
Montgomery 
County. 


Norfolk fine sand. 
Miami sand 
Lufkin clay 


6.0 
6.0 
6.4 
7.0 


1 


s 

15 
9 


i 
B 


66 
55 
44 

M 


50 
:&gt; 
2* 
14 


16 
16 
16 
16 


Memphis silt loam. 


Pennsylvania... 


M o n tgoni* r v 


1 enn silt loam 


12.3 


8 


12 


- 




15 


county. 
















New York U i n g h a in t o n 


Dunkirk gravelly 





4 


1 


n 


16 


1 


15 


area. 


sandy loam. 
















Louisiana. . C;,,i,|,, parish. 


Norfolk fine sandy 




8 





13 


14 - 1 


15 






loam. 














Texas 


Husk County 


Caddo fine sandy 




6 


2 


53 


61 


47 


14 






loam. 














Texas 


Nagadoches 


Orangeburg fine. 


8.8 


1 




- 


24 


14 






sandy loam. 










New York 




Volusia silt loam.. 




4 


22 10 


36 23 




loWH 




on i, 


25 s 


n 7 


12 


NVw York. . 


Volusia silt loaiii 




15 ~* i 


12 


Wisconsin Portage County. . 
Virginia Louisa County ... 


Marshall sand...!! 
C vil sandv loam.. . 


8.4 
7.2 


7 
24 


9 
5 


31 47 35 

. 


12 
12 


Arkansas Prair,.- County... 
New York Binghamtonare*. 


Calhoun clay 
Dunkirk gravelly 
loam 


as 

10.6 


12 
9 


12 


14 

1 


38 


26 


12 

12 


Georgia... 


Norfolk fine sandy 


. 


1 


5 


29 




24 


11 






loam. 














Florida 


Kscambia County 


Norfolk fin. -andy 


8.4 


_ 7 


14 15 


22 11 


11 






loam. 












New York.. 
Louisiana 


Tc.mpkins County 
Cadd.. Parish 


Dunkirk clay loam. 

Niirfiilk lini sandv 


9.0 



4 


9 
9 


13 


22 11 
20 9 


11 
11 


Wisconsin.. . 
0"rgia 


Portage County... 
Waycrosa area.... 


loam. 

Miami sandv loam 
Norfolk sandy 


9.0 4 

6.0 i) 


- 


2 
20 


14 


!! 






loam. 














North Carolina 


New Hanover 


Portsmouth fine 


3.0 


13 






111) 


10 




County. 


sand. 














North Carolina. 
Texan 


StateaviUe 
Husk County 


Irvdi-ll clay loam.. . 
Orangeburg fine 


5.2 


7 



21 
2 


16 44 


34 
26 


10 
10 






sandy loam. 














New York.. 


Volusia silt loam. . 


5.4 2 






20 


10 


Cnddo Parish 


Norfolk fine sand. . 




21 3-J 


59 




inia . ( hiTokeo County.! 
Alabama Lee County I 
Ohio Btrongaville . 


Iri dfll clay loam. . 
Cecil sandv loam... 
Miami day loam. 


8.6 


- 3 
1 
- 4 


7 32 , *, 
9 14 24 1.1 








Red silt loam 






19 


30 


22 




&lt; otmtv.. 
EKambia County. 

him. Cherokee County 


Miami stony sand . 
Portsmouth sand.. 
Cecil silt loam 


& 3 
16 


A 
2 
2 


13 11 
12 19 11 


7 


San Marcos.... 
Alabama Knur s farm.. 
Ima. YorkCountv 
. Portage County . . 


Houston Nai-H i l.i&gt; 

orangebiirgrhiv . . 
In-dcll day loam.. . 
Marshall gravellv 


7.9 
IftI 

7.7 
1LO 


8 
3 

1 




21 37 
17 26 
19 25 
14 11 


S 

18 
4 


7 
7 
7 
7 


. .| LM County 1 


loam. 

Norfolk coarse 


5.3 






48 .V. 


50 


6 




sand. 










Arkansas. Prairie County ... 


Acadia silt loam... 


11.2 n 


4 i 29 33 27 


6 



28 



FERTILITY OF SOILS AS AFFECTED BY MANURES. 



TABLE IV. Percentage increase in growth attributable to P, K, and N, and the sum of 
the. same, etc. Continued. 



State. 


Locality. 


Soil. 


Weight 
of 
plants 
on un 
treated 
soil. 


Increase at 
tributable to 


Sum 
of 
P.K, 
and 

N. 


In 
crease 
attrib 
utable 
to 
PKN. 


Dif 
fer 
ence. 


P. 


K. 


N. 






Grams. 


P.ct. 


P.ct. 


P.ct. P. ct. P. ct. P. ct. 


Arkansas 


Prairie County . . . Morse clay 


10.8 


4 


- 3 


2 | 3 - 3 6 


Georgia 


Wavcross area . .. Norfolk sand... 


6.1 


2 


- 5 


36 1 29 24 5 


Texas i Rusk County Orangeburg fine 


7.5 


_ 7 


20 


31 


44 


4C 4 




sand. 














Virginia Hanover County.. 


Norfolk sandy 7. 5 


3 


11 


20 


34 


30 


4 




loam. 














Georgia 
Arkansas 


Waycross area 
Prairie County . . . 


Norfolk fine sand.. 0.1 
Acadia &lt;i!t loam. . . 7. 3 


7 
1 


15 

7 


55 
10 


77 
18 


74 
15 


3 
3 


Pennsylvania... 


Montgomery Hagerstown loam . 10. 3 
County. 


13 


2 


I | 12 


9 


3 


Tennessee 


Henderson Lexington silt 7.5 


1 


1 


36 | 38 36 2 




County. loam. 








North Carolina 


Asheville Porters clav. .. 5.8 


- 6 


- 2 


29 


21 


19 2 


Texas Kan Marcos area. . Houston Mack clay 8.9 
Missouri Crawford County . Clarks ville stony 14.0 


o 


4 
3 


15 


19 


17 2 
3 2 


loam. 








Texas I Maroney b farm... Orangeburg clay .. 8.6 
New York Tomokins Countv Dunkirk loam 8.4 


- 4 


1 
2 


17 
15 


15 
13 


14 

12 


1 


Indiana 


Tippecanoe Marshall loam i 7. 5 


- 3 


2 


7 


6 (i 







County. 










Arkansas 


Prairie County . . . Morse clav 8. 8 


- 9 


8 


1 


i 


Arkansas 
Indiana 


Prairie County .. . 
Tippecanoe 


Crowley silt loam.. 
Marshall silt loam. 


10.1 
7.2 


- 1 

4 


3 

1 




6 


2 3 
11 12 


\ 


Arkansas 


County. 
Prairie County ... Acadia silt loam . . . 


9.0 





11 


6 


17 18 1 


North Carolina. New Hanover Norfolk fine sandy 7.3 


3 


3 


22 28 


29 1 


: County. loam. 








New York Tompkihs County Dunkirk clay loam : 4.5 


-18 


4 


55 41 42 1 


Ohio Wester ville area.. Miami loam 8.6 


- 8 


3 


-2-7 -5 2 


Arkansas Prairie County . Waverly silt loam. 


7.8 


- 7 


9 


_ 7 ; _ 5 . _ 3 , 2 


South Carolina. Cherokee County.. Cecil fine sandy 


5.9 


- 3 


7 


40 50 52 : 2 


loam. 






North Carolina. Statesville Cecil clay (good) . . & 8 
Texas Ualveston Galveston clav 11.2 



14 


-2-4-6 -4 2 
12 3 23 -20 3 


Texas 


Rusk Countv Susquehanna fine 


7.0 


3 





90 9 3 




sandy loam. 










Texas Rusk County 


Norfolk fine sand.. 


7.8 


- 4 


8 


21 25 


28 3 


Kentucky McCracken 


Memphis silt loam. "&gt;. 


- 3 


3 


;$9 39 


42 3 


j County. 














Alabama Lee County : Norfolk sand 6. 8 


9 


10 


40 


59 


02 


3 


Iowa : Leon j Kansan till i 5.9 


7 


15 


48 


70 


73 


3 


Louisiana Caddo Parish Caddo fine sandy j 8.8 




5 7 


5 


9 


4 


loam. 










Texas San Antonio 


Houston black clay 5.8 


8 


1 3 


6 


10 i 4 


loam. 










North Carolina. Statesville Cecil clav (poor). .. 8.8 


- 1 


1 





(j 





New York. ... T o m p k i n s Miami stony loam. 9.6 


4 


1 


1 


6 


11 5 


County. 












Georgia Waycross Norfolk sandy 6.5 


11 


15 


54 


80 


85 5 




loam. 










Arkansas Prairie County . . 


Crowley silt loam.. 7.1 


8 





9 


1 7 


6 


Maryland Leonardtown 


Leonardtown loam 0.5 


- 7 


15 


8 


16 22 


6 




(poor). 














Texas Rusk County 


Norfolk fine sand..! 8.6 


5 


6 


19 


30 36 


6 


Alabama ! Rawles s farm 


Orangeburg sandy 1 8. 1 
loam. 





- 5 


4 


5 12 




Texas 


San Marcos area. . 


Houston black clay 


8.1 


- 4 


- 5 


21 


12 19 


/Uabama 


Lee County 


Norfolk sand... 


4.7 






30 


28 


35 


South Carolina. 
Mississippi 


Cherokee County . Cecil sandy loam. . . 
Montgomery Memphis sill loam. 


0.9 
8.0 


-12 
-13 


L S 


35 
12 


51 
5 


13 8 


Louisiana 


County. 
Caddo Parish 


Orangeburg fine 


6. 5 


a 


3 





6 


15 9 




sandv loam. 














Texas 


San Marcos area. . 


Crawford silt clay. 


9.2 


7 


2 


19 


14 


23 9 


South Carolina. 


Cherokee County. Cecil clay 


7.4 


- 4 


- 6 


36 


26 


35 9 


Virginia 


Pocahontas field . .; Cecil clay 


11.7 


- 3 


4 


- 3 


- 2 9 i 11 


Mississippi 


Pontotoc County. Monroe silt loam. . . 


8.0 


- 4 


- 6 


13 


3 14 11 


New York 


Binghamtonare i. Waliash loam 


10.6 


- 1 


11 


5 


15 


26 


11 


Missouri 


Crawford County. Wabash silt loam. . 


7.6 


-11 


1 


- 3 


-13 


1 


12" 


Georgia 


U ii vcross Norfolk sand 


5.5 


- 9 


24 


45 


60 


72 12 


South Carolina. 


St. Matthews 


Orangeburg sandy 


11.8 







15 


13 


26 13 






loam. 




* 










Texas 


Palestine 


Orangeburg fine 


11.4 


7 


- 4 


11 





14 14 




sandy loam. 











COMPARATIVE EFFICIENCY OF SALTS. 29 

TAHI.F IV. I rrcfntayc increase, in growth attributable to I . A , and \, awl the sum of 
the same, etc.- Continued. 









Weight increaseat- 


Sum 


In 




t "t t trilnitiibleto 


of 


crease 


Dif 


State. 


Area. Soil. gj^ 




P, K, 


UtJLhJA 


fer 




t! s oi t l J K 


N. 


and 
N. 


to 
PKN. 


ence. 




j 












drum*. / .. P.et 


P.ct. 


P.ct. 


P.ct. 


P.ct. 


Pennsylvania. . 


.Montgomery Chester loam 


7.8 





4 


13 


27 


14 




County. 














North Carolina. 


I nion County. . Silt loum 


4.6-4 





32 


28 


42 


14 


Alabama 


!&gt;.- County 


Norfolk sand y 


6.1 -14 


4 


42 


32 


46 


14 






loam. 














North Carolina. 


New Hanover 


Norfolk flne sand. . 


6.4 3 


9 


37 


! 


63 


14 




County. 
















Ohio 


Westerville area.. 


Miami black clay 


8.3 -11 


6 


- 2 


- 7 


8 


15 






loam. 












Florida 


Kscambia County 


Norfolk flne sandy 


5. 5 10 


12 


- 5 


17 


32 


15 






loam. 












Illinois 




Marion silt loam...l 7.7 -13 -8 


- 3 


-24 


- 8 


16 


Louisiana 


Caddo Parish. 


oranp burg flne 5.0 ti 


10 


16 


32 


16 






sandy loam. 










Wisconsin 
Alabama 


Portage County. . 
Le County 


Portage silt loam. . 8.7 2 16 
Norfolk co a rse i (i. 4 -12 o 


- 2 
20 


-16 

8 


1 
25 


17 
17 






sand. 










Iowa 




Wisconsin drift ! 9.6 -10 15 


:) 


: 


52 


- 17 






(good ) . 










Georgia 


Waycross 


Portsmouth flne 5.5 2 18 


33 


53 


71 


18 






sand. 














Mississippi.... 


Montgomery 


Memphis silt loam. 10. r, - l.( .( 


- 2 


-18 


1 







County. 














Indiana 


Newton County . . 


Clyde flne sand 


12.6 -21 


- 2 


-14 


-37 


-17 


20 


Mississippi 


M o n t g o m e r y 
County. 


Memphis silt loam. 


9.5 -It) 


- 9 





-25 


- 5 


20 


New Jersey 


Woodbine 


Norfolk flne sandy 


6. 5 1 1 


9 


11 


32 


21 






loam. 












C.eorgia 


Waycross 


Norfolk sand y 


7.0 7 


14 


36 


43 


64 


21 


Virginia 


Hanover County.. 


Wick ham sandy 
loam. 


7.5 - 3 


5 


11 


13 


36 




Alabama 


Marion 


Orangeburg sandy 


4.8 14 


7 


25 


46 





23 






loam. 














it-orvi i 


Waycross 


Portsmouth One 


5. 2 1 


15 


50 


66 


. 


24 






sand. 














North Carolina. 


Chowan County Portsmouth silt 4 , 


19 


14 


35 


IB 


27 




loam. 












Wisconsin.. . 
Mississippi... 


Portage Countv.. Portage silt loam. J 10.0 -11 -9 
Montgomery Memphis silt loam.! 10.2 - 3 !- 2 
County. 


- 6 
-15 


-26 
-20 


3 

12 


- 


Alittiitiiia . 


!&gt; County Cecil sandy loam. . . 


5.6 -11 - 7 


29 


11 


43 


32 


\\ ; 


Pon to too County . &lt; tianmbuiffelay. . . 


6.6-9 3 


18 


12 


45 


33 




\V;tv&lt;Toss Norfolk finr sand 


74 9 8 


- 3 


-20 


14 


34 


M ; 


Montgomery ; Memphis silt loam 


11.2 i-10 - 7 


-11 


-28 


8 


36 




County. 












TVxaa 


Husk County Orangeburg fine 


9.2 -12 - 6 


14 


_ 4 




40 


Louisiana 


sandy loam. 
Caddo Parish Norfolk flne sandy 


7.9 1-5 


-10 


-14 


35 







loam. 












Indiana 
South Carolina. 


Newton County 
York Countv 


Muck 

(Wil sand. . . 


4.4-25 61 
3.9 -15 - 8 


14 


50 


100 
54 


50 
51 


Louisiana 


I M. 1. In Parish Orangeburg flne 

- : 


5.0 -22 -10 


-10 


-42 


28 


70 


Rhode Island.. 


K i ngston Miami silt loam 


3.fi _ 8 -19 


-14 


-41 


Si 


72 



rtO FERTILITY OF SOILS AS AFFECTED BY MANURES. 

TABLE V. Average percentage increase in growth attributable to P, K, and N and the 
aggregate increase of the same salts used individually as compared with the actual increase 
when the same salts were used together, averages being for the soils in which the difference 
between the aggregate and actual increase is within limits indicated in the first column. 









Increase attributable to 




Increase 




differ 
ence. 


Numljer 
of soils. 


weight 
of plants. 


P. 


K. 


N. 


P, K, table to 
and N. mixture 


Differ 
ence. 














of PKN. 




Per cent. 




Grams. 


Per cent. 


Per cent. 


Per cent. 


Per cent. Per cent. 


Per cent. 


60+ 


5 


4.8 


37 


49 


64 


150 i 52 


98 


50-59 


8 


7.0 31 


31 


38 


100 46 


54 


40-49 




6. 4 ! 19 


30 


35 


84 41 


43 


30-39 


16 


6.7 


16 


22 


31 




35 


20-29 


19 


7.3 


13 


19 


38 


70 46 


24 


10-19 


35 


7.6 


6 


12 


22 


40 


26 


14 


0-9 


28 


8.3 


1 




22 


28 


23 


5 


9-0 


32 


7.6 


- 2 




17 


19 


23 


- 4 


19-10 


20 


7.9 - 5 


14 


13 




-15 


29-20 


9 


7.5 - 4 


14 


14 ! 37 


-23 


39-30 5 


8.2 - 8 





4 


-9 


24 


-33 


49-40 i 2 


8.6 - 6 


_ 


2 


-9 36 


-45 


50+ 4 


4.2 -18 6 


4 


-8 


53 


-61 



TABLK VI. 



-Ten soils in which percentage, increase attributable to each ingredient is 
greater than that produced when all are combined. 



State. 


Locality. 


Soil typo. 


Louisiana 
Iowa 


Caddo Parish 
Ames 


Miller fine sand... 
Peat 


Missouri 


Crawford County. 


Clarksville silt 






loam. 


Indiana 


Newton County . . 


Marshall loam 


Florid:! 


Escambia County. 


Norfolk sand 


New York 


(ieneseo 


Dunkirk clay 






loam. 


Indiana 


Newton County . . 


Marshall fl n e 






sandy loam. 


Arkansas 


Prairie County . . . 


Morse clay 


Arkiitisas 
New York 


Prairie County .. . 
Minghamton area. 


Crowley silt loam . 
Dunkirk gravelly 
sandy loam. 




Average 











Weight 
of plants 
grown 
on un 
treated 


I 

att 

P. 


icrea 
-ibutt 
to 


5 e 
ible 

N. 


Sum 
PKN. 


In 
crease 
attrib 
utable 
to mix 
ture of 


Dif 
fer 
ence. 












PKN. 




Grama. 


P.ct, 


P.ct. 


p.ct: 


P.ct. P.ct. 


P. ct. 


7.3 


21 26 


10 


57 


1 


56 


15.0 


24 i 26 


?1 


71 


20 51 


0.6 


26 


15 | 17 


58 


7 


51 


7.6 


17 


22 


17 


56 


16 40 


5.4 


16 


18 


13 


47 


11 36 


10.2 


11 


11 


18 


40 


5 


36 


6.3 


5 


12 


9 


26 


- 4 


30 


11.1 


5 


13 


- 3 


15 


-11 


26 


8.1 


9 


14 


2 


25 


25 


6.6 


4 


1 


11 


16 


1 15 


8.4 


14 


16 


11 


41 


5 36 



NITRATE OF SODA ALONK AND WITH OTIIKK SALTS. 



TABI.K VII. 



Ten toils in which two of the three ingredients each 
increase than when nil three were combined. 



Increase 







WriKlu attributable 


crease | 






of plants to 


Sum 


attrib- Dif- 


State. 


l. MMlltY. 


Soil type. 


grown 
on un 
treated 
soil. 


p. 


K. 


N. 


of 
PKN. 


utable , frr- 
to mix- t-noe. 
t lire of 
PKN. 








Gram*. P.rt. 




P.ct. 


P.ct. 


P c t P ,t 


Virginia.... 

!...m-miia 


Portsmouth 
Caddo Parish 


Peat... 

Norfolk fine sand. 


3.2 ; 53 
3.7 - 3 


lu 98 

.M 1,2 


234 
110 


m ins 

51 i 59 


l. nii-iaiia 


Caddo Parish 


Caddo fine sandy 


6.0 


17 


2ti &lt;9 


8 41 






loam. 








Louisiana 


Caddo Parish 


Caddo fine sandy 


5. - 10 | 4 


33 27 








loam. 










Louisiana 


Caddo Parish 


Norfolk fine sandy 9.6-8 


9 


13 14 


1 


15 






loam. 








New York 


Ilinghaniton area. 


Dunkirk gravelly 10. (i 9 
loam. 


9 


1 19 


7 


rj 


Florida 


Escambia County. 


Norfolk fine sandy - 1 


_ 7 


. 


1"&gt; 


22 


11 


n 






loam. 












Wisconsin 
Ukimsus 


Portage County... 
Prairie County ... 


M iami sand v loam. 
Morse day 


9.0 
10.8 


1 
4 


- 
.X 


2J 14 
2 3 


3 
- 3 


n 


Missouri 


Crawford County . 


Clarksville stony 


14.0 


; 




. . 


3 


2 






loam. 
















V verage 




V 1 


JJ5 


22 i .TO 


15 


35 







NITKATK OF SODA ALONE AND WITH OTHER SALTS. 

A study of Table IV shows that in (56 per cent of the instances 
nitrate of soda when used alone has produced an increase of growth 
w-hich equals or exceeds that produced by either sulphate of potash 
or acid phosphate. 

A tabulation of the data for nitrate of soda and of combinations 
in which it enters shows that the nitrate of soda has a marked bene 
ficial effect on the majority of soils which on an average is not 
increased by the addition of acid phosphate. A comparison &gt;f the 
nitrate with the nitrate-phosphate column shows a difference in 
favor of the former in slightly more than half of the comparisons. 
The average of these two columns shows a difference of less than one- 
tenth of 1 per cent. 

Nil late of soda when supplemented with sulphate of potash gives 
an increase in growth which in 74 per cent of the instances equals or 
\.-rrds that produced by nitrate of soda alone, the average result 
Ix-iiig 8.5 per cent in favor of the combination. When this nitrogen- 
potash combination is still further supplemented by acid phosphate 
there i^ on an average no additional increase in growth. In fact the 
inMai ces in which the nitrogen-potash combination equals or exceeds 
that of the complete fertilizer are slightly in the majority. The 
tabulation above mentioned is not published, but the same facts 
may l&gt;e gathered !&gt;\ eareful study of those columns in Table III, 
which give the results for nitrogen and all combinations into which 
it enter-. 
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SULPHATE OF POTASH ALONE AND WITH OTHER SALTS. 

Sulphate of potash when supplemented by acid phosphate pro 
duced an increase in growth, which in 50 per cent of the soils exceeded 
that produced by potash alone, the average increase being one- 
tenth of 1 per cent in favor of the combination. When the potash 
salt is combined with nitrate of soda there is a marked increase in 
growth over that produced by potash alone, which, on the average, 
is not further increased by the addition of acid phosphate. In 86 
per cent of the soils the effect of potash combined with nitrogen has 
.equaled or exceeded the effect of potash alone. These facts are 
brought out by a study of the columns in Table III, in which potash 
occurs, omitting all soils for which the data for this salt and all its 
combinations are incomplete. 

ACID PHOSPHATE ALONE AND WITH OTHER SALTS. 

Referring to Table IV, the striking fact is the large number of 
instances in which acid phosphate gives a small or negative effect. 
The efficiency is quite regularly increased (see all columns of Table 
III in which phosphate enters) as each fertilizer salt is added, the 
exceptions to this being mostly for those soils in which the efficiency of 
the complete fertilizer as a whole becomes quite small or is negative. 

In the life and economy of the plant, phosphates are generally 
recognized to be instrumental chiefly in the production of seed or 
fruit, and have a tendency to hasten maturity, and may influence 
the color and quality of the fruit. It is also known that plants do 
not absorb extraneous phosphates during the very early stages of 
growth. From the standpoint of the requirements of the plant, no 
response would be expected from the phosphates, and it is, there 
fore, not strange that in many instances a small or negative effect 
has resulted from their application. It should be borne in mind, 
however, that this is not a study of the plant s requirements, but a 
study of the fertility of the soil as affected by fertilizers and that the 
plants have been used merely as the indicator of the degree to which 
fertility has been affected by the various applications. It is now 
contended that aside from the direct action that various salts have 
on the growth and economy of the plant, they may also act directly 
on the soil, thereby increasing its fertility in a way not fully under 
stood. 

An inspection of the tables will show that while small and negative 
effects have often resulted from the phosphate, there are 55 soils in 
which the increase in growth attributable to this salt when used 
alone has ranged from 10 to 50 per cent and in two instances even 
more. 
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LIME ALONE AND WITH FERTILIZER SALTS. 

Table VIII shows the increase in growth attributable to lime, to a 
complete fertilizer with and without lime, to manure, and to cowpea 
vines with lime. The soils are arranged in a descending series as 
determined by the efficiency of the complete fertilizer without lime. 
Lime alone shows quite a marked effect in the majority of the soils, 
and while its efficiency corresponds in a general way with that of a 
complete fertilizer there are numerous exceptions to this. The lime 
may have little or no effect where the fertilizer is markedly beneficial. 
For example, in the upper portion of the table where the figures for 
the complete fertilizer range from 50 to 75 per cent increase in growth 
there are 8 soils on which lime gives less than 10 per cent increase, 
while in the lower portion of the table where the complete fertilizer 
does not exceed 1 1 per cent there are 7 instances where the increase 
in growth attributable to lime exceeds 30 per cent. As a rule, the 
efficiency of the complete fertilizer has been appreciably increased by 
the addition of lime. There seems to be little evidence in support of 
the contention sometimes made that the benefits due to lime are 
attributable to its favorable action on nitrification. 

A study of Table IX, which summarizes the results of Table VIII 
and all data for the same soils in Table III i. e., gives the mean per 
centage increase in growth attributable to the several fertilizer 
-alls and combinations for groups of soils in which the efficiency of 
a complete fertilizer falls within certain limits as given in the second 
column shows that as the efficiency of a complete fertilizer declines 
tin-re is a corresponding decline in the effect of practically all fhgre- 
dii iits and combinations. This is equally as true for manure or for 
poiash and phosphate as it is for nitrate of soda and lime, so that 
the parallel decline in the lime and nitrate columns in the table loses 
significance. Of the soils in Table VIII, where the efficiency of a com 
plete fertilizer is not less than 25 nor more than 75 per cent, there are 
17 in which the efficiency of lime exceeds 35 per cent ami 31 in which 
ii is 10 per cent or less! As a result of averages of these two groups 
&lt;&gt;f soils, we get the following results: Seventeen soils (lime giving 
iiiriease of 35 per cent or more) average efficiency, lime 63, N 35, 
N KI* 49; 31 soils (lime giving increase of 10 per cent or le*js) lime 4, 
\ 24, NKP 40. The effect of nitrogen is obtained from Table III. 

The difference in the efficiency of lime is here very marked, drop 
ping from an average of 63 per cent for the 17 soils to only 4 per cent 
for the :&gt;1 soils. The relative decline in the effect of nitrate of soda 
Mini the complete fertili/er, however, is small, being from 35 to 24 for 
the former and 4 . to 40 for the latter. 
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TABLK VIII. Weight of plants on the untreated soil and the -percentage increase inorouih 
produced by lime, a complete fertilizer with lime, a complete fertilizer, manure, and cow- 
pea rines with lims. 



State. 


Locality. 


Soil. 


Weight 

plants, 
un 
treated 
soil. 

Grams. 
4.1 

3.0 

4.5 
4.C 
4.4 

3.9 

6.5 

7.7 

5.2 

C. 1 
7.5 

11 

5.5 

4.8 

3.2 
9.1 
7.5 

7.0 
6.4 

3.0 

7.7 
4.5 

6.8 

5.3 

5.6 

6.9 
5.6 
9.0 

4.8 

4.8 
5.4 
3.9 
5.9 

9.6 

3.7 
5.3 
5.4 
G.O 

4.1 
8.5 
C.6 

3.3 
7.5 
6.1 
8.2 
7.2 


Increase attributable to 


L. 


NPKL. 


NPK. 


M. 


CvL. 


North Carolina... 
North Carolin;: . . 

North Carolina . . 
Virginia 
Indiana 


New Hanover 
County. 
New Hanover 
County. 
Iredell test farm... 
Louisa County 
Newton County. . . 

Waycross area 
Waycrossarea 

Waycross area 
Ames 

Waycross area 

Waycrossarea 
Waycross area.. . . 

Leon 

Waycross area.. . . 
Waycross area.. . . 

Marion . . . 


Norfolk sand 

Portsmouth 
fine sand. 
Cecil clav 


P.ct. 

70 

45 
71 
14 

92 
64 

35 
17 

29 

34 
40 

64 
20 

12 

75 
20 



16 

1 

19 
19 

57 

9 
17 

4 
20 
3(1 

25 

26 
39 
8 
29 

5 

41 
5 
63 
27 

52 
21 

136 
24 
40 
7 
23 


P.ct. 

154 

173 

105 
153 
70 

153 
105 
100 

117 

84 
89 

42 
109 

75 

69 

97 
55 
64 

57 
70 

70 

87 
57 

103 

74 
35 

65 
121 

77 

80 
51 
08 

113 
70 
56 
32 

103 
55 
56 

130 
64 
41 
47 
41 


P.ct. 
151 

110 

105 
102 
100 

90 

86 

85 
82 

77 

74 
73 

73 

72 
71 

69 

69 
67 
65 

64 
63 

63 

63 
62 

62 

59 
58 

58 
57 
57 

56 

56 
56 
54 
52 

52 

51 
50 
50 

50 

49 
49 

48 

48 
48 
48 
47 
47 


P.ct. 

254 

130 

90 
63 
40 

219 
150 

109 

86 

150 

102 
113 

24 
124 
64 

37 

47 
49 
105 

103 

38 

61 
46 

107 

28 
71 

71 
114 
69 

66 

41 
92 
90 

88 

47 

146 
59 
37 
113 

53 
86 
81 

90 
60 
48 
SI 
51 


P.ct. 
144 

230 

""158 
18 

175 
176 
109 

148 

107 
113 

""iis 

109 

(10 

72 
35 
63 

94 
37 

78 

164 

74 

KiO 

80 
30 

5 
132 

45 
98 
60 
123 

195 
101 

78 
107 

54 
48 
74 

136 
60 
80 

16 


Cecil loam 
Peat 


Portsmouth fine 
sand. 
Norfolk fine sandy 
loam. 
Norfolk sandy loam 
Wisconsin drift 
(poor). 

Portsmouth fine 
sand. 
Norfolk fine sand 
Norfolk fine sandy 
loam. 
Kansantill 
Norfolk sand 
Portsmouth fine 
sand. 

Orangeburg sandy 
loam. 
Peat 


Georgia 

Georgia 
Iowa 


Georgia 
Georgia 


Iowa 
Georgia 


Georgia 

Alabama 

Virginia 
Alabama 

Texas 


Marion 
Rusk County 

Waycrossarea 
New Hanover 
County.. 
Tarboro 

Lee County 
Cho wan County.. 


Orangeburg clay . . . 
Norfolk line sandy 
loam. 
Norfolk sandv loam. 
Norfolk fine sand.... 

Norfolk fine sandy 
loam. 
Norfolk sandy loam. 
Portsmouth silt 
loam. 


Georgia 
North Carolina . 

North Carolina. 

Alabama 
North Carolina. . 

Alabama 

Louisiana 
Indiana 

South Carolina... 
Georgia 


Caddo Parish 
Tippecaiioe 
County. 
Cherokee County.. 
Waycross area 
Hlackhawk 
County. 
Kdgecombe 

Pinehurst 
Caddo Punish 
York County 
Cherokee County.. 

Ames 

Caddo Parish 
Lee County 
Pontotoc area 
Waycross area 

Haleigh 
Husk County 
Cherokee County.. 

Escambia County 

Mont gome ry 
County. 
Rusk County 

Rusk County 
Portage County.. 


Norfolk fine sand... 
Miami silt loam 

Cecil sandy loam 
Norfolk sand 
I o wan drift 


Iowa 

North Carolina. . 

North Carolina. . 
Louisiana 
South Carolina... 
South Carolina... 

Iowa 


Norfolk fine sandy 
loam. 
Portsmouth sand. . . 
Norfolk fine sand . . . 
Cecil sand 


Cecil fine sandy 
loam. 
Wisconsin drift 
(good). 
Norfolk fine sand ... 
Norfolk coarse sand . 
Lufkin silt loam 
Norfolk fine sand . . . 

Cecil sandy loam 

Norfolk fine sand . . . 
Cecil silt loam 

Norfolk fine sandy 
loam. 
Orangeburg fine 
loam. 
Norfolk fine sandy 
loam. 
Caddo fine sandy 
loam. 
Muck 


Alabama 
Mississippi 
Georgia 

North Carolina.. 
Texas 


South Carolina... 
Florida 
Mississippi 
Texas 
Texas.. 
Wisconsin 
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TABLK VIII. \Vci&lt;jht of plants on tin untreated soil uiul tin f&gt;ercentaije increase in 
growth produced by lime, etc. Continued. 







I Weight 
of 


Increase attributable to 


State. 


Locality. 


Soil. I&gt;l ! i ,n tS 
















, tin- 


L. 


NI KL. 


NPK. 


M. 


CvL. 








soil. 


















Gram*. 


/ . ct. 


r.ct. 


/ a 


P.* 


/ . ct. 


Florida 


Kscamliia County 


Norfolk sand 


5.0 


24 


55 




97 


Alabama 
Mississippi 
Miibiuna 
New York 


Ixv County 
Pontotoc County. 
Ixv County 
Tompkins Coun 


Norfolk sandy loam. 
Orangeburg day . 

Cecil sandv loam . . 
Dunkirk clay loam.. 


6.1 
6.6 
5. 6 

4.5 


11 
- 3 
13 

29 


64 
47"- 
52 


45 

43 

42 


42 
18 
43 
33 


104 
32 

54* 


North Carolina.. 


ty. 
Union County. . . . 


Silt loam... 


4.6 





51 


42 


28 


. . . 


Kentucky 


MeCracken Conn- 


Memphis silt loam.. 


5.0 


18 


48 


42 


70 






ty. 
















Texas 


San Marcos area. . 


C rawford silt clay. . . 


8.8 


24 


46 


42 


56 


11 


\rkiinsas. . 


Prairie County ... 


Acadia silt loam 


7.4 


23 


48 


41 


31 


38 


Texas 


Rusk County 


Orangeburg fine 
sand. 


7.5 


8 


60 


40 


80 


68 


Wisconsin 


Portage County . 


Miami sand... 


6.0 


7 


43 


30 


80 


- 4 


Arkansas 


Prairie County... 


Wavcrly silt loam 


as 


61 


55 


38 


;ix 


M 


Virginia 


Louisa County.. . 


Wickham sandy 


7.5 





35 


36 


31 


-12 






loam. 














Tennessee 


Henderson Coun- 


Lexington silt loam. 


7.5 


5 


57 


36 


72 


17 


Louisiana 


Caddo Parish 


Caddo fine sandy 


4.4 


18 


52 


36 


20 


186 






loam. 














Texas 


Rusk County 


Norfolk fine sand. 


8.6 


10 


26 


36 


61 


37 


Texas 


Rusk County 


Orangeburg fine 


&gt;. L 1 


13 


30 


36 


68 


53 






sandv loam. 














Wisconsin 


Portage County . 


Marshall sand 


8.4 


11 


8 


35 


34 


3 


New York 




Yolusia silt loam. . . 


4. H 


15 


62 


35 


81 




South Carolina . 
Alabama 


i herojcee County. 
Ixv County 


Cecil clay 
Norfolk sand 


7.4 

4.7 


4 

HO 


44 

135 


35 
35 


42 

10* 


"J2 
143 


Louisiana 


Caddo Parish 


Norfolk fine sandy 


7.0 


2 


56 


35 


IS 


47 






loam. 














Texas 


San Ma rcos area . . 


Houston black clay. 


7.0 


17 


42 


35 


10 


38 


North Carolina.. 


St.it. sville 


Iredell day loam.... 


5. 2 


- 1 


28 


34 


33 




South Carolina.. 


York County 


(Veil sandy loam... . 


7.0 


33 


41 


34 


76 


58 


Texas 


Rusk County 


Caddo fine sandy 


8.1 


17 


36 


34 


62 


40 






loam. 














Louisiana 


Caddo Parish 


Norfolk fine sandv 


5. ti 


28 


54 


33 


54 


52 






loam. 














Texas 


San Marcos area 


Blanco loam 


8.7 


20 


21 


33 


28 


37 


Florida 


Ksi.imbia Coun- 


Norfolk fine sandy 


5. ft 


45 


83 


32 


32 


*5 


Louisiana 


Caddo Parish 


loam. 
Orangpburg fine 


5. 





44 


33 


34 


06 






sandv loam. 














New Jersey 


Woodbine 


Norfolk fine sandv 6.5 
loam. 


7 


:l 


32 




42 


Rhode Island 


Kingston 


Miami silt loan. 


3.-6 


133 


ill 


31 


30 




Virginia 
Virginia 
North Carolina.. 


Louisa County... 
Hanover County.. 
U.ik. Countv .... 


Cecil sandy loam. . . 
Norfolk sandy loam 
Tolwcco soil 


4^7 


5 

- 1 
11 


39 

47 

V 


30 
30 
30 


25 
44 


57 
- 8 


Texas 


San Marcos area. . 


Houston Mack da&gt; . 


7.0 


15 


31 


30 
29 


"36" 
57 


42 
34 


North Carolina.. 

Missouri. . 
New York 


County. 
Scotland County.. 


loam. 
Shelby silt loam 
Dunkirk day n.am . 


9.6 
8.9 


11 
19 


28 
22 


28 
28 


17 


30 
28 


: i i 


Pontotoc area. .. . 


Lufkin dav. 


6 


31 


28 


9 


48 


Louisiana 


Caddo Parish 


Orangeburg fine 


5.0 


12 


15 


28 


114 


124 






sand. 














Arkansas 


Prairie County . 
Rusk Countv 


Waverlv silt loam.. 
Norfolk fine sand 


5.0 
7.8 


104 
3 


150 
GO 


28 
28 


10 
103 


132 


Texas 


Pennsylvania 


Montgomery 


chest. T loam 


7.8 


4 


33 


27 


13 






County. 
















South Carolina. . 
tas 


Cherokiv Countv . 
Prairie Counts ." 


In-dellclav loam.... 
Crowtey silt loam... 1 7.0 


14 
43 71 


27 i 4 


7 
80 


.s 


Pram- Countv . 


Acadia silt loam ; 11.2 




27 46 


27 


South Carolina . 


St. Matthews 


orangetiiirg sandy 11.8 


19 




26 25 


17 






loam. 










New York 


B i n g h a in t o n 


Wai.ash loam 


10 


15 




31 


10 




County. 
















Mississippi 


Pontotoc County. 


Orangeburg sandy 
loam. 


7.6 








24 


-.IS.. . 


Prairie County . . . 
It usk County 


Calhoun clay 
Orangeburg fine 


8.3 
9.2 


18 
12 


27 
37 




4 
37 


S 









sandy loam. 












.irolina.. 


Biltmore 


Porters clay 






25 01 


24 
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TAHI.K VIII. M-iyht of plants on the untreated ttoil. and the percentage increase, in 
growth i&gt;nlnced /&gt;// limr, etc. (lonlinmul. 







WelRht 


1 nerea.se attrllNitilile o 


State. Locality. 


Soil. 


plants, 














treated 


L. 


NPKL 


NPK. 


M. CvL. 








soil. 
















drams. 


/ &lt;! 


/ ct 


7 . rt. ,1 &lt;/ / &lt;! 


Georgia... 

Alabama 


Wavcross an^a . . 
1 County 


Norfolk sandy loam 
Norfolk coarse sand 


8.0 

(i. 4 


- 9 
22 


43 
23 


25 I 54 42 
26 33 41 


Illinois... 


lianlto....! 


Muck 


11.4 






i:. r,l 


North Carolina.. 


Mlantyn&lt; 


Porters sandy loam. 


4.5 


43 


22 


24 


til 31 


( Joorgia 


U aycross area . . 


Norfolk sand .... 


li. 1 


34 


55 


24 


77 05 


Georgia... 


Waycroesana .. 


Norfolk line sandy 


7.9 




35 


24 


06 


07 






loam. 














Texas 


Naco^doches. 




8 8 


ID 


M 


&gt; i 


B6 


r 






sandy loam. 












I.i 


New York 




VolUSla silt loam. . . 


li li 


8 


15 


23 


77 13 


Texas 


San Marcos a rca. 


( | ,, u i,,i . 1 silt cla y 


9 2 








1 -t .M 


Wisconsin... 

Florida... 


Portage County .. 
Kscamlila Couiil y 


Miami Stony sand 
Norfolk Hand... 


11. 9 
7.2 


- 3 

29 


I .I 
23 


22 
22 


47 8 

liti 05 


Mississippi... 


M on t gome ,-y 


Llntonla. loam 


8. 5 


24 


Hi 


22 


M -IS 




County. 
















Texas 
Illinois 


San Marcos area. 

Pulaskl County. . 


Crawford silt clay .. 
Kcd silt loam....... 


11. 2 
7. 


20 
10 


42 


22 
22 


40 
26 


52 
Ar&gt; 


Louisiana 


Caddo Parish 


OrangcliurK line 


7.4 


20 


28 


21 


15 , 28 


New York... 


1 thaca 


sand. 
\ "In- i.i silt loam. 


5. 4 


Q 


32 


20 


51 &lt;&gt;( * 


New Jersey... 
lowu 


Woodbine 
Ames 


Norfolk sandy loam 
Muck 


(i. 
15.0 


2 

l 1 


17 


20 
30 


25 
04 


....! 4 


North Carolina. . 


Ashevllle 


Porters clay 


5.8 


10 


.Ml 


I .i :&gt; 


10 


Alabama 


Perry County 


Orangeburg clay . .. 


10.3 


Hi 


35 


ID 


32 


36 


Louisiana... 


Caddo Parish 


Miller line sand 


5.8 


22 


34 


I .I 


81 


IS 


SoullV Carolina."! 


York County 


Ircdcll clay loam . 


8. 1 


! ( " 


20 


19 
18 


25 
51 


32 


Arkansas 


Prairie County . . . 


Acadla. sill loam 


U. 


11 


II 


IS 


32 


31 


Texas 


San Marcos area.. 


Houston black el. i\ 


8.9 


8 


23 


17 




23 


Indiana 


Newton County .. 


Marshall loam 


7.0 


22 


21 


10 


77 34 




Lee County 


Cncll sandy loam .. . 


8. li 

6.8 


10 


28 

1 r &gt; 


15 
IB 




58 
JO 






samly loam. 











20 




Arkansas 


Prairie County. . . 


\eadu silt loam 


7 3 


14 


37 


15 7 


10 


(Icornia 


U aycross area. ... 


Norfolk line sand. 


7! 4 




25 


M 


28 


31 i 


Mississippi 


Pontoloc County. 


Monroe silt loam . 


8.0 


i) 


IS 


14 


30 


39 


Texas 


Naoogdoohes 


OraiiKeburg clay . 


8. (i 


I 


ft 


H 




5 


Texas 


Palestine 


Orangeburg one 


111 


-15 


11 


II 


37 


43 






sandy loam. 














Mississippi 


Mon tK&lt;&gt; r v 


Memphis silt loam. . 


7.0 


13 


17 


M 


30 


10 




Count y. 
















Ohio 


\\esi\iiie an&lt;a 


Miami clay loam.... 


li. 1 


7 


11 


13 


15 


45 


Pennsyl vsjaia! ! ! ! 


MonlKomery 


I cnn silt 1 oa m.... 


12. 3 


- 8 


4 


13 


24 


30 




County. 
















Mississippi 


Mont K o in e r y 


Memphis sill loam 


S. li 


l, 


9 


13 


(i 


34 




County. 
















Indiana 


D Count" 


Marshall silt loam.. 7.. 7 


(i 


12 


2 


4 
















New York 


I ompkinsCounty 


Dunkirk loam 


8.4 -7 U 


12 


40 





Alabama 


Perry County. . . . 


Orangeburg sandy 


8. 1 21 17 


12 




20 






loam, 












Mississippi 


M o n i K o in cry 


Memphis sill loam.. 10.2 1 


20 


12 


1 S 28 




Count v 








New York 


TompkinsCountj 


I unUirk clay loam.. .&gt; n 


-14 U 


11 


(18 


_ 5 


Ne\\ York 


Tompklns Count y 


Miami stony loam.. 11. li 





7 


11 


30 


20 


Florida...!! 


Kseaml.ia County 


Port smoulli sand 


8.3 


48 


48 


11 -17 


35 


Honda 


Kseaml.ia Coiml\ 


Norfolk sand... 


5.4 


46 


74 


11 


83 ! 107 


Florida 


Kseaml.ia County 


Norfolk line sandy 


8.4 


35 


14 


11 


3 J .".1 






loam. 














Texas 


San Antonio 


Houston black clay 


5.8 


11 


I .i 


10 


19 


7 






loam. 














Pennsylvania 


Montgomery 


1 1 :l:-e 1 .1 "\\ 11 loalll. . 


10.3 


li 


23 


) 


.v 


29 




Count \ 
















Louisiana 


Caddo Parish 


Caddo (me sandy 


s s 


u 


14 


ft 


ii 


11 






loam. 














Louisiana 


Caddo Parish 


Norfolk tine sandy 


8.7 





30 


" 


! 


25 






loam. 
















Husk County 


Susi|uehanna due 


7.0 


-11 


20 





29 
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An examination of Tul&gt;lc \ III shows furthrr the cflicicncy of 
nuinuro and COW[K&gt;H vinos with lime as compared with a complete 
fcrt ih/.ci with and without lime. In the majority of instances the 
nuinuro or COWJMMI vinos with lime, or both, have proved superior 
to the mineral fertilizers. A careful analysis of the results shows that 
1 1 m M M rv and eowpea vines with lime nearly tie for first rank, while 
the complete fertilizer with lime ranks third, and without lime 
becomes fourth, or last. The relative number of times that each 
treatment ranks first on the basis of 100 for the whole is: Manure, 
39; cowpea vines with linn 1 , . W; complete fertilizer \\illi lime, 16, 
and complete fertilizer alone, ( . 
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RELATIVE EFFICIENCY OF ALL SALTS AND COMBINATIONS WHEN SOILS 
ARE GROUPED ACCORDING TO EFFICIENCY OF PKN. 

Table IX is an aggregation of the results in Table VIII and the 
results for the same soils in Table III and gives the average per 
centage increase in growth attributable to each ingredient and com 
bination of ingredients for groups of soils in which the efficiency of 
a combination of nitrate, potash, and phosphate was within certain 
limits as given in the second column of the table. It also gives the 
average green weight of plants grown on the untreated soil for each 
of the groups as well as the weight produced by a complete fertilizer 
and the weight produced by the best average treatment for each 
group which in eight instances is attributable to cowpea vines 
with lime and in three instances to manure. 

The eiliciency of the single fertilizers, phosphate, potash, lime and 
nitrate, with a few exceptions increase in the order named, the phos 
phate being least effective and the nitrate most effective. In the 
group of soils for which the efficiency of a complete fertilizer is 
60 to 69 per cent, potash outranks lime by 1 per cent, and in the fol 
lowing group it becomes identical with lime. In the last two groups 
in the table lime outranks the nitrate as well as potash and phosphate. 
A comparison of the eiliciency of the several combinations of fer 
tilizer salts and lime gives the order of efficiency that would be 
expected from a study of the relative efficiency of the same salts 
used separately. With a few exceptions, however, the efficiency of 
the various combinations is a little less than the aggregate efficiency 
of the same salts when used separately. These exceptions are 
mostly with the combination of potash and nitrate (KN), which in 
six out of eleven groups gives a larger percentage increase in growth 
than the aggregate of the same ingredients used separately. The 
efficiency order of the combinations, beginning with the smallest, 
is phosphate-potash (PK), phosphate-nitrate (PN), potash-nitrate 
(KX), phosphate-potash-nitrate (PKN), and phosphate-potash- 
nitrate-lime (PKXL). In the four lowest groups of the table, how 
ever, the potash-nitrate (KX) combination outranks the complete 
fertilizer without lime. A comparison of the most efficient fertilizer 
treatment, viz, that of the three fertilizing salts and lime, with the 
results obtained with manure and with cowpea vines and lime shows 
only four groups in which the fertilizer with lime outranks the 
manure and no instances in which the cowpea vines with lime have 
failed to outrank the fertilizer with lime. Of the eleven groups, 
cowpea vines with lime rank first eight times and manure three times. 

In the last three columns is given the average green weight of 
plants on the untreated soil, with a complete fertilizer, and with the 
best average treatment, for each of the eleven groups of soil. It is 
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otieeable that as there is a regular decrease in the efficiency of the 
Ttili/ers there is a corresponding regular increase in the weight 
&gt;f plants produced on the untreated soil. In other words, the lower 
; he producing capacity of the soils the greater their response to fer- 
ilizers. The decrease in the efficiency of a complete fertilizer with- 
&gt;ut lime is nearly inversely proportional to the increase in the weight 
f plants so that the weight of plants produced by the same fertilizer 
or any group of soils approaches a constant. The same is essentially 
rue for the best average treatment with a tendency toward the 
argest plants on the poorer soils, as shown by the maximum weights 
&gt;f plants for the second and third groups from the top of the table 
tinder heading of best treatment. 



TABLE IX. Average effect of fertilizer salts and combinations by groups according 
efficiency of PK\, also average, weight of plants on untreated soil, arerage weight 
treated u-ith 7 AT.V, and average weight with best fertilizer treatment. 
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RELATIVE EFFICIENCY OF SALTS WHEN USED ALONE AND IN 
COMBINATION. 

In these tests as shown in Table III, beginning on page 15, each 
of the three salts, acid phosphate, sulphate of potash, and nitrate 
of soda, has been used separately and in three combinations, thus 
giving four observations relative to the increase in growth pro 
duced by each. For lime there are two observations, while for 
manure and cowpea vines and lime there is only one observation 
each. While it is disputed ground as to whether the efficiency of a 
fertilizer salt should be measured by using it alone or by combining 
it with all other elements in which the soil may be deficient, many 
experimenters have adopted the combination as the most reliable 
means. It seems probable, however, that theoretical considerations, 
rath -r than observed results, have led to the adoption of such a 
-\&gt;trin. the idea bring that if the soil is deficient in two or more 
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ingredients the full benefits of any one of them can not be obtained 
in the absence of a sufficiency of the others. While such reasoning 
seems logical it is not always supported by facts, as may be seen by 
a study of Table IV. Here there are only 20 soils out of 190 in 
which this seems to be noticeably true, while there is a much larger 
number, viz, 50 soils, in which the efficiency of the ingredients used 
separately is much more marked than when used in combination, 
and this in spite of the fact that all three of them produce quite 
marked results. Indeed, when we calculate the average efficiency 
of the ingredients for all soils we find that each is slightly more 
efficient when used alone than when in combination with one or 
more other ingredients. 

As an average of many field tests on various crops and in numerous 
localities the conclusion is that the efficiency of a fertilizer ingredient 
is about equally as marked whether used alone or in combination 
with one or more other ingredients. On the less productive soils the 
tendency is toward a better effect from the ingredient when in com 
bination with other ingredients which are also beneficial. On better 
soils the tendency is in the other direction. For many individual 
soils this tendency is as marked under field conditions as it is in the 
pots. 

Numerous bulletins of the Alabama agricultural experiment station 
report the results of fertilizer tests that were conducted at intervals 
during the years 1889 to 1900. Of such tests 156 were cooperative 
experiments with cotton and were carried on in 53 of the 67 counties 
of the State. The fertilizer materials used per acre consisted of nitro 
gen derived from 90 pounds of sulphate of ammonia or 96 pounds of 
nitrate of soda or 200 pounds of cotton-seed meal, potash derived 
from 150 or 200 pounds of kainit or 64 pounds of muriate of potash, 
and phosphorus derived from 195 or 200 pounds of dissolved bone- 
black or 240 pounds of acid phosphate. The three classes of fertilizer 
were used separately and the three were also combined, each ingre 
dient entering into the combination in the same amount as when 
used alone. The results are reported in pounds of seed cotton per 
acre over and above that produced when no fertilizer was used, and 
the data for each of the three fertilizers when used alone and in com 
bination are complete for 134 tests. The aggregate increase attrib 
uted to the three fertilizers when used separately was 443.2 pounds of 
seed cotton per acre, as compared with an average of 444.7 pounds 
increase per acre when the same ingredients were combined. 

Table X shows the percentage increase in growth attributable to 
each ingredient when used separately, as compared with the calcu- 

See tabulated results on corn in Results in Field Experiments with Various 
Fertilizers," by Prof. W. O. Atwater, Ph. D., U. S. Dept. Agr., 1883. 
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luted increase where it occurs in the several combinations. The 
results are for each of the four ingredients, lime, nitrate, potash, and 
phosphate, and are the averages for each of the 25 areas given in 
Table III. As an illustration of how the results are calculated, take 
t he average results of the five soils from Cherokee County, S. C. Nitrate 
alone. gave an increase of 40 per cent. Nitrate and phosphate pro 
duced an increase of 36 per cent, or 40 per cent more than phosphate 
alone, while nitrate and potash produced 49 per cent, or 42 per cent 
more than potash alone. The average effect for nitrogen in these 
two combinations is therefore 41 per cent and is entered in the second 
column under nitrogen. As NP==36 and NK = 49, by addition 
(2N)PK-85. However, PK = 3, so by difference we have 2N-S2 
or N = 41, which is entered in the third column under nitrogen. 
XPK - 44 and since PK = 3, N in the NPK combination produced an 
increase of 41 per cent. The f(\ur values each for potash and phos 
phate and the two values for lime are obtained in the same manner. 
For this area the efficiency of the several ingredients is very uniform, 
the range of variation for nitrate, potash, and phosphate being only 
1 per cent, while for lime the difference between the two observations 
is 7 per cent. Since the results in Table X are based upon the average 
of all soils from each area the variation in the efficiency of the ingre 
dients as they occur in the various combinations is not marked. By 
making the same calculations for each of the soils, however, many of 
them show a marked variation in the efficiency of the ingredients as 
they occur in the several combinations, a difference far too great to 
be attributable to error of observation, which by actual test has been 
found not to exceed plus or minus .5 per cent. Where the variation 
in the efficiency of a fertilizer ingredient, as it occurs alone and in 
several combinations, exceeds the limit of error in observations a,s 
above stated, such portion of the variation as exceeds that limit must 
be attributable to its association with the other ingredients. Just as 
in a solution of several salts the presence of one may increase or 
decrease the solubility of others, so in the soil the addition of one 
ingredient may increase or decrease the effectiveness of another. It 
has already been shown that for quite a number of soils the effect of 
three ingredients combined is no better than for one of them and that 
one ingredient may be substituted for another witli equally good 
effect. See Table VI, page 30. On the other hand, there are many 
soils in which the effect attributable to a combination of three ferti 
lizer ingredients is two or three times greater than the aggregate effect 
of the same ingredients when used separately. See latter portion of 
Table IV, page 2(&gt;. 

The variation in the efficiency of a fertilizer ingredient as used sep- 
aratelv and in several comhiniit inns bears no consistent relation to the 
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efficiency of the ingredients with which it is associated or to the effi 
ciency of the combination as a whole. If nitrate of soda produces an 
increase in growth which equals or exceeds that produced when it is 
associated with potash and phosphate, as is frequently shown in 
Table IV, page 26, we would theoretically expect little or no effect from 
either potash or phosphate when used alone on the same soils. Con 
trary to this theory, however, we find that, with an occasional excep 
tion, both potash and phosphate are markedly efficient on these soils. 
On the other hand, if nitrate of soda produces little or no increase as 
compared with a fair to good increase obtained w T hen it is combined 
with potash and phosphate, as is frequently shown in the latter por 
tion of Table IV, we should expect to obtain fair to good results from 
potash or phosphate when used alone on the same soils. But what do, 
we find? Usually little or no effect from potash, and a negative effect 
from the phosphate. Table V, page 30, which is a condensation of 
the results in Table IV, shows up this relationship in a striking man 
ner. In that table is given the average percentage increase in 
growth attributable to each of three ingredients and their combination 
for groups of soils in which the aggregate effect of the ingredients dif 
fers within certain limits from that obtained when they are used in 
combination. It will be noticed that there is a more or less regular 
and parallel decline in the efficiency of each of the ingredients when 
used separately, from a maximum of 37, 49, and 64 per cent for 
phosphate, potash, and nitrate to a minimum of 18, 5, and 2 for the 
same ingredients, respectively. Notwithstanding this marked de 
cline in the efficiency of the ingredients when used separately, the 
efficiency for the three ingredients combined is essentially as marked 
at the end of the series as at the beginning, the average effect for the 
first and last groups being 52 and 53 per cent, respectively. The 
aggregate effect of the three ingredients used separately is 150 and 8 
per cent for the same groups. (See Table V, p. 30.) 
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AHLK X. I ercrntaye. increase in growth attributable to each fertilizer salt anil liuie, when 
used atom &lt;itui when used in various combinations, as calculated by the difference method. 
Average, by areas. 
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RELATION OF FERTILIZER REQUIREMENTS TO CHARACTER OF SOILS. 

That soils vary greatly in their crop-producing capacity and in the 
degree to which they respond to fertilizers under field conditions has 
long been known as a result of experience and also as a result of care 
fully recorded field tests. This marked difference in the degree to 
which various soils respond to fertilizer treatments is the most strik- 
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FIG. 1. Percentage increase in growth of plants attributable to various fertilizer treatmci 
principal soil types of the. Waycross area, Georgia. 

ing feature manifested in the results recorded in the preceding tables. 
It has also been long contended that there is a relation between the 
origin and the character of the soil and the character of the fertilizer 
that would be required to produce good results. It is doubtful, how 
ever, if such a claim can be substantiated by observed facts over a 
large territory. It certainly is not borne out by the results obtained 
on the 220 soils here reported, except in case of the muck soils which 
uniformly respond to potash. In fact, the character of the fertilizer 
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required for the same types or series of soils, as found in widely sep 
arated areas or localities, and as shown by these results, varies more 
than that required for different types and series when they occur in 
the same area or locality. In illustration of this point, five soils from 
Waycross, Ga., tested in triplicate, show a marked uniformity in the 
character of their manurial requirements, regardless of the fact that 
they represent five types and two soil series. The same soils in 
Escambia County, Fla., show manurial requirements of a very differ 
ent character. (See Table III, p. 15, and figs. 1 and 2.) 

In the Waycross area nitrate of soda is much more effective than 
sulphate of potash, and while lime is decidedly beneficial it is not 
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Fio. 2. Percentage increase in growth of plants, attributable to various fertilizer treatments for 
soil of the Waycross an&gt;a, Georgia, and Esoambia County, Fla. 

equal to nitrate of soda. In Escambia County sulphate of jx&gt;tash is 
nearly as efficient as nitrate of soda, and lime is about twice as effect 
ive as the three fertilizer ingredients combined. These differences 
are besed on average results for the two areas, and notwithstanding 
that the soils are of the same type, series, and formation, they show as 
marked differences in the character of fertilizer required as will be 
found between any of the areas, even when the soil types are entirely 
different. 

A Cecil sandy loam from Raleigh, N. C., was markedly improved by 
each of the three fertilizer salts, and also by lime, the increased 
growth of plants obtained when all of these ingredients were com- 
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bined being 103 per cent. The same soil type from Lee County, Ala., 
as a result of tests on two samples, gave no response to either potash or 
phosphate, but produced a fair increase in growth as a result of nitrate 
of soda and also for lime, the maximum increase being 40 per cent 
where all three fertilizer salts were used in conjunction with lime. 
(See Table III, p. 15.) 

RELATIVE EFFICIENCY OF FERTILIZERS BY LOCALITY. 

In comparing the relative efficiency of the fertilizer ingredients, it 
is found that in the vaet majority of instances nitrate of soda ranks 
first and lime second. This is especially true in the southern areas, 
where fertilizers are most extensively used. In the Central and North 
ern States, where the efficiency is less marked, there are quite a num 
ber of instances in which potash or phosphate outranks the lime or 
nitrate, although on an average the nitrate holds first rank and lime 
second. Sulphate of potash ranks next to lime, while acid phosphate 
having the lowest value, has in numerous instances shown a slightly 
negative effect. 

With soils from the States of Wisconsin, Iowa, Missouri, Illinois, 
Indiana, Ohio, New York, and Pennsylvania the response to commer 
cial fertilizers has been moderate, slight, or in many instances almost 
imperceptible. On those soils, also, organic manures, in the form of 
cowpea vines or stable manure, have been very much more effective 
than the chemical ones, the mean relative increase attributable to 
manure being nearly three times that for a complete fertilizer with 
lime, i. e., barnyard manure gave an average increase of 38 per cent, 
while the complete fertilizer with lime gave an average increase of 
only 13 per cent. (See Table XI, from which the averages were com 
puted.) In these States lime alone seldom showed a marked effect. 
While the tests for these States are insufficient in number to represent 
all soil types and conditions, yet the results are in conformity with 
the general practices of the vast majority of farmers of these sections, 
who as a rule do not purchase commercial fertilizers for use in the 
growing of general farm crops, but who for the most part recognize 
the high value of barnyard manure arid generally utilize all that is pro 
duced on the farm. 

In the Atlantic and Gulf Coast States, including Kentucky, Tennes 
see, and Arkansas, for which a larger number of observations have 
been made and where most of the important soil types have been 
tested, the soils, with few exceptions, respond in a marked degree to 
commercial fertilizers and lime, and while cowpea vines and stable 
manure are on an average somewhat superior to commercial fertilizers, 
the differences between the relative value of these materials is small, 
being 54.7 and 58.6 per cent increase in growth for commercial fertil 
izers and manure, respectively, as compared with 13 and 38 per cent 
for the same materials in the former group of States. (See Table XI, 



COMPARATIVE FERTILITY oK SOILS. 47 

roin which those averages were computed.) In other words, the 
Commercial fertilisers and lime are more than four times as effective 
in soils of the Altantic and Gulf Coast States as they are on those of 
the North Central States, including New York and Pennsylvania, 
while manure, when compared on the same soils, is only a half better 
on the soils from the former States. In this respect the results are 
again in conformity with the practices in the Atlantic and Gulf Coast 
States, where the bulk of the commercial fertilizers are used. 

COMPARATIVE FERTILITY OF OILS. 

Another point brought out in the tables is the relative fertility or 
crop-yielding capacity of the untreated soils. Under the prevailing 
condition of crops and climate in the field, marked differences in this 
respect exist, some of the better soils showing a crop-producing 
capacity four or five times as great as that of the poorer ones. In 
these tests, where all soils are put into excellent physical condition 
and where moisture and temperature are always favorable, these dif 
ferences are less marked but nevertheless exist to a considerable 
degree, as may be seen by comparing the actual weight of plants 
grown on the untreated soils. The average growth of plants on 
untreated soils from the North-Central States, including New York 
and Pennsylvania, is 28 per cent greater than the average of those 
from the Atlantic and Gulf Coast States. This difference in the initial 
crop-producing capacity of the soils from the two sections as indicated 
in the pots is sufficient to make the actual increase in growth from the 
stable manure nearly as great from one section as from the other. 

TABLK XI. Increase in growth attributable to complete f utilizer with lime and manure; 
an&gt;l proportionate cost of fertilizer to value of crops as obtained from Census. 191HJ. 
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RELATIVE RESPONSE TO FERTILIZERS AND EXPENDITURES FOR FER 
TILIZERS. 

In Table XI, where the average percentage increase in growth 
attributable to the complete fertilizer and lime is given for each area 
and arranged in an ascending series, there is also given the average 
percentage increase attributable to stable manure for the same soils 
as well as the expenditure for commercial fertilizers for the same 
areas or counties. The expenditure for fertilizers in the area is 
expressed in percentage of the valuation of products other than those 
fed to live stock and is computed from statistics reported in the 
United States Census for the year 1900. 

This table, besides showing the relative response to the chemical 
fertilizer and stable manure, which was discussed in preceding pages, 
also brings out the relation between the response to a complete ferti 
lizer and lime, as obtained by the paraffin pot test, and the expendi 
ture for fertilizer in each county or area expressed in percentage of the 
valuation of crops produced. 

The table is separated into two portions, the first portion embracing 
13 areas or counties in which the increase in growth attributed to a 
complete fertilizer and lime ranges from to 40 per cent, and the 
second portion embracing 12 areas or counties in which the increased 
growth for the same treatment ranges from 41 to 107 per cent. In 
the first portion of the table there are no localities where the valuation 
of commercial fertilizer used equals 4 per cent of the value of the 
products grown, while in the second portion there are only four locali 
ties where it does not exceed such percentage. In the first portion 
of the table where the response to the fertilizer with lime does not 
exceed 40 per cent there are only three localities where the cost of 
fertilizer actually used in 1900 exceeded 1 per cent of the valuation 
of the crop grown. These exceptions are in New York and Penn 
sylvania, in areas where special crops probably receive more attention 
than in the others. The one in Pennsylvania was immediately 
about Philadelphia. Their nearness to both the great produce and 
fertilizer markets is also a factor tending to the more extensive use 
of fertilizers. 

Of the four counties in the second portion of the table in which the 
cost of fertilizers used does not exceed 4 per cent of the value of crops 
grown, McCracken County, Ky., and Henderson County, Tenn., are 
each represented by only one sample. If better represented, they 
would probably fall in the first portion of the table, as indicated by 
the small amount of fertilizer used. The remaining two counties are 
Caddo Parish, La., and Rusk County, Tex., in each of which cases but 
little commercial fertilizer is used, though they are grouped in the 
second portion of the table as a result of their response to fertilizers in 
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the pot test. In these two counties the soils were well represented by 
the samples tested, and the results indicate that the moderate use of 
commercial fertilizer might prove profitable. There are other factors, 
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Fio. 3. Percentage gain in plant growth attributable to each of the salU P, K. N, and L when uad 

alone. 

however, besides the comparative response to fertilizers which are 
concerned in their profitable use. Low value of land, long distance 

from markets and scat of supplies, including fertilizer, would all tend 
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toward the unprofitable use of fertilizers. In Rusk County, Tex., and 
Caddo Parish, La., a few farmers have begun the use of commercial 
fertilizers and find them profitable. 

AVERAGE EFFICIENCY OF FERTILIZER SALTS, BY LOCALITY. 

Figure 3 shows graphically the percentage increase in growth 
attributable to each of the fertilizer salts and lime when used sepa 
rately, and is based on the average for all soils of each area as given in 
Table X on page 43. The areas are arranged in an ascending series 
according to the aggregate increase from all ingredients, which ranges 
from a minimum of only 9 per cent for the Westerville area, Ohio, to a 
maximum of 140 per cent for New Hanover County, N. C. The range 
in the efficiency of the individual salts is also marked, the increase 
attributable to nitrate of soda varying from 4 per cent in several of 
the areas in the upper part of the diagram to 65 per cent in New Han 
over County, N. C., and that for lime varying from a slightly negative 
result for Newton County, Ind., to an increase of 52 per cent for 
Escambia County, Fla., with somewhat lesser variations for potash 
and phosphorus. In the majority of the areas the efficiency of the 
three fertilizer ingredients and lime assume the same order. In 16 of 
the 25 areas, nitrate of soda was the dominant salt, \vhile lime was 
dominant in 3 and potash in 3 of the areas. In 14 areas out of 25 
lime ranks second in efficiency. In the States of Indiana, Missouri, 
Pennsylvania, and Virginia potash seems to have been relatively 
more effective than elsewhere. In the Arkansas and Florida areas 
lime is largely responsible for their position in the series, and in both 
of them nitrate of soda holds a relatively low rank. 

TABLE XII. Average percentage increase in growth for all fertilizers and combinations, 

by soil series. 
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\\BLK XIII. Percentage increase in growth attributable to each fertilizer salt and to 
lime when used alone, as compared uith its calculated effect when used in various com 
binations. Averages for each of six series and Muck. 
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COMPARATIVE EFFICIENCY OF FERTILIZERS, BY SOIL SERIES. 

Table XII gives the average percentage increase in growth attribu 
table to each fertilizer salt and combination of salts, by soil series, 
using only those in which the treatments were uniform and complete. 
No series were used where less than 5 samples were available, except 
in the case of Muck, in which only 4 samples were used. 

Table XIII gives the percentage increase in growth attributable to 
each of the three fertilizer ingredients and lime, as compared with 
their effect when used in the combinations, the efficiency in the com 
binations being calculated by the difference method previously 
explained. These two tables show that the relative efficiency of the 
three salts and lime is essentially the same for all the soil series 
except the Muck. The range of efficiency of the complete fertilizer 
with lime is very marked, varying from a maximum of 96 per cent 
for the Portsmouth series to only 8 per cent for the Marshall series. 
It is noticeable that barnyard manure is relatively much more efficient 
for the Marshall and Miami series than for the others. 

Figure 4 shows graphically the average relative percentage effect 
iveness of the three fertilizer ingredients and lime by series when used 
separately, as given in Table XIII. The variation in the aggregate 
effectiveness of the three salts and lime for the several series is nearly 
it as when the soils were grouped by localities. It is evident, 
lit&gt;\\cver. that the serial grouping is, to some extent, a locality group 
ing ;iUo. the Marshall and Miami series, which are the least responsive 
to the commercial fertilizers, occurring only in those States in which 
fertilizers ,-ue but little used, while the Portsmouth and Norfolk series 
are ( (infilled \\hollv to the Atlantic seaboard, where fertilizers are 
iiinM extensively used. While there is a marked difference in the 
ate eH ectivetie of the three salts and lime on different series, 
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ranging from a minimum of 29 per cent for the Miami series to a 
maximum of 115 per cent for the Portsmouth series, broadly speaking 
the relation between the value of the individual ingredients in the 
several series is remarkably uniform, even more so than occurs when 
the soils are considered by areas. The Muck, represented by only 
4 samples, is exceptional, and shows the characteristic importance 
of potash, that ingredient being on the average about as effective as the 
total of lime, nitrogen, and phosphate. This fact is also in conformity 
with our field knowledge of Muck and Peat, which are greatly bene 
fited by applications of potash salts. 
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FIG. 4. Relative efficiency of fertilizer ingredients by soil series, when the ingredients are used alone. 
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lime for soils of .the Norfolk, Portsmouth, Orangeburg, and Cecil scries when classified 
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Table XIV gives the response to each of the three salts and lime 
v, hen used alone and when in the various combinations for soils of the 
rfolk, Portsmouth, Cecil, and Orangeburg series when grouped by 
c variation in texture. This grouping of the soil fails to bring out 
i iiv variations in the character of the fertilizer required for the differ- 
&lt; at textures, but it does show in general that the finer the texture of 
1 ae soil, the less marked is the effect of the various fertilizer salts or 
t he aggregate effect of them all. 

\ATURAL FERTILITY AS RELATED TO RESPONSIVENESS TO FERTILIZERS. 

Another comparison brought out in the general tables is the rela- 
ion between the crop-producing capacity of the untreated soils in the 
|)ots and their response to fertilizers. In general, the lower the crop 
capacity, the greater the response to fertilizers or manure, and vice 
versa. 

Table XV shows the average effectiveness of a complete fertilizer 
and lime on soils arranged in groups according to the weight of plants 
grown when untreated, ami it is shown that there is a gradual and 
consistent decrease in the effect of the treatment, as the untreated 
soils are capable of producing larger plants. 

TABLE XV. Showing decreasinej effect of fertilizers with increasimj productiveness in 
untreated samples. 
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It i- significant that the sandy soils of the Norfolk and Portsmouth 
serif-, collected from the Southern States where wheat is seldom 
grown, have produced on an average larger and more thrifty wheat 
plants by the application of a complete fertilizer and lime, than have 
born produced by the same or other treatments on soils of the Mar 
shall or Miami series from Wisconsin. Ohio, Indiana, anil New York, 
where wheat does well. This fact is in harmony with the view now 
gaining prevalem-e, that the variation in the character and composi 
tion of tin- mineral matter of ^oils is of minor importance as regards 
crop adaptation and yielding capacity, except so far as character of 
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material influences condition of the soil in its relation to soil moisture 
and permeability to air, water, and the roots of plants. In other 
words, crop adaptation and crop-producing power depend more upon 
climatic environment and physical condition of the soil than upon soil 
type or the geological formation from which it is derived. The best 
wheat soils or those best suited to peaches or to truck crops are not 
so solely by virtue of the character of the mineral matter of which 
they are composed, but because there are present climatic and soil 
conditions that enable those classes of plants to attain perfection. 

The poorest soils, by proper manipulation and the addition of suit 
able manure or fertilizer, can be made to produce as large yields in 
the pots as can be procured by the same or other treatments on the 
best soils that occur, and yet such applications have but slightly 
altered the composition of the soil. Such improvement does not 
involve any considerable length of time, but may be brought about 
in a few days or at most a few weeks. This does not mean that 
would be either feasible or practical to attempt such a radical chan 
under field conditions in so short a time. The expense invob 
would not justify the procedure, neither would the soil be able 
maintain such an ideal condition under the adverse climatic co 
tions which might prevail or against the poor systems of farming 
vogue. The improvement of soil conditions in the field becomes i\ 
purely business proposition in which the expense involved must IK 
exceed probable returns. 

Important in this connection is the assembling anil association 01 
all those factors that will work together for the good of the soil, such 
as the selection of suitable crops, the use of a proper rotation, the 
adoption of catch and winter cover crops, and cultivation of such 
character that erosion will be reduced to a minimum and the rainfall 
absorbed and retained in ample supply. By such procedure the con 
dition of a soil will in time become greatly modified and its fertility 
improved. So-called soil robbery is, after all, more properly soil 
mutilation, brought about by the carelessness of man. 

FERTILIZERS AND ECONOMY OF WATER IN PLANT GROWTH. 

It has been stated that no attempt will be made to explain how 
fertilizers effect an increase in plant growth, yet there is one point 
which has been established as a result of this investigation of which 
mention should be made. It is the relation between growth, as 
effected by fertilizers, and water transpired by the plants or used in 
the process of their growth. In all of the tests a careful record has 
boon kept of the water transpired for each of the 13,000 or more pots. 
As a result of such observations, it has been found that as fertilizers 
increase plant growth, there is a marked diminution in the water 
transpired per unit of growth; or, putting it in the reverse order, 
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there is a marked increase in growth for a unit of water used, and 
such increase becomes greater as the fertilizers are more effective. 
As a result of computations for twenty soils taken at random, it was 
found that the percentage increase in growth for a unit of water used 
equaled, approximately, one-half of the total increase in growth 
resulting from the fertilizer treatments. 

Figure 5 gives the average results for 20 soils and shows not only 
the gain in growth following the fertilizer treatments, hut also shows 
the associated increase in growth per unit of water transpired. 
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Excepting lime, in the presence of which transpiration remains 
nearly normal, the different fertilizer constituents show no marked 
variation in respect to this phenomenon. Lime frequently produces 
an increase in growth and yet the plants maintain practically the 
same rate of transpiration per unit of growth as that observed for the 
untreated soil. 

In a few miscellaneous tests, where the different forms of potash 
were tried, it was found that kainit and muriate of potash decreased 
the rate of transpiration per unit of growth, as compared with sul 
phate of potash. 
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While these observations have no economic significance in the 
pots where moisture content is always ample, they may be of con 
siderable importance in relation to the use of fertilizers in the field 
and explain, in part, the benefits derived therefrom. It frequently 
happens, owing to scanty rainfall, or a low water-holding capacity 
of the soil, that the available water supply is the limiting factor in 
crop yields. Where such conditions exist, and they occur frequently 
in all parts of the country, the presence of a fertilizer which would 
enable the crop to economize in its water consumption would be of 
considerable importance and might, as pointed out above, enable 
the crop to make a marked increase in growth despite the limited 
water supply. 

SUMMARY. 

The paraffin-pot method of testing the manurial requirements of 
soils, used in these investigations, while not designed to supersede 
field tests, is admirably adapted to an investigation of this kind and 
is very useful as a method of indicating what fertilizers should be used 
in the field. 

The results obtained in the pots with the various ingredients are 
relatively the same as those obtained in the field, but may differ in 
degree. This is true of all ingredients commonly used except the 
phosphates, which give a relatively lower effect in the pots than the 
others. The absolute effect is usually greater in the field than in the 
pots and phosphates may frequently be economically used where 
their benefits are not indicated by the pots. 

The results obtained in the pots generally agree with the fertilizer 
practices in the various sections from which the soils were secured. 
In the North Central States, where but little commercial fertilizer is 
used, and where the main dependence is placed upon barnyard 
manure, the pot tests show manure to be three times as efficient as the 
fertilizer. In the Atlantic seaboard and Gulf Coast States, where but 
little manure is available, and where the main dependence is upon com 
mercial fertilizers, the manure as tested in the pots has been only 
slightly superior to the fertilizers. Muck, quite generally recognized 
as in need of potash in the field, has shown that ingredient to be 
nearly as efficient as lime, nitrate, and phosphate combined, as deter 
mined by the pot tests. 

Transpiration, while a good indicator of the relative growth of 
plants when under like conditions, usually gives a range of lesser 
magnitude than the variation by green weights. 

The green weight of plants grown for about twenty-five days in the 
pots occasionally equals or exceeds 1 per cent of the weight of the soil 
in which they grew. Such plants contain about 85 per cent of water 
and transpire approximately 100 grams of water for each gram of 
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preen matter produced. The dry matter of such plants is richer in 
mineral constituents and nitrogen than that of the same plants if 
matured. The draft on the water and mineral constituents of the soil 
under these conditions is greater than that occasioned by the removal 
of a large and matured crop under field conditions. 

As an average of all tests, the organic manures have outranked the 
chemical ones. Barnyard manure and cowpea vines with lime tie for 
first rank. The three chemical salts with lime rank third and the 
same salts without lime rank fourth. 

Of the combinations of chemical salts the order of eiiiciency is as 
follows: The three salts with lime, first; three salts alone, second; 
potash and nitrate, third; phosphate and nitrate, fourth, and phos 
phate and potash, fifth. 

Of the salts used individually the order is nitrate, lime, potash, and 
pli .sphate; nitrate being the most efficient and phosphate the least 
efficient. 

.4s an average result of all tests, nitrate of soda has produced a 
marked increase in growth which has not been further increased by 
the addition of acid phosphate. Potash has produced a moderate 
increase in growth and when supplemented by nitrate the effect has 
been slightly less than the aggregate of these two ingredients when 
used separately. The efficiency of the combination of nitrate and 
potash has not been appreciably improved by the addition of phos 
phate. 

Lime alone has generally produced a marked increase in growth and 
ha- usually increased the efficiency of a complete fertilizer. There 
is but little evidence that the benefits derived from lime are due to 
beneficial action on nitrification. 

Soils vary greatly in crop-producing capacity as found under field 
conditions. Part of such variation is due to physical condition and 
consequent relation to water, and is largely overcome in the pots. 
At ter these conditions are largely equalized in the pots marked differ 
ences in crop-yielding capacity still exist to such an extent that good 
soils may produce four or five times as large a growth as that produced 
on very poor soils under the same conditions. By the application of 
suitable manures or fertilizers these differences are overcome, and in 
the [&gt;ot&gt; the poorest soils when treated with suitable substances 
become as productive as the best ones. 

Soils vary greatly in the degree to which they respond to commer 
cial fertilizers, lime, manure, and green manure. In general, the 
decree . &gt;( response varies inversely as the crop-yielding capacity and 
ranges from zero to several hundred per cent. The soils of the At 
lantic aihl (iulf Coast States are much more responsive than those 
of the Central and Northern States. 
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In 60 per cent of the soils here tested, each fertilizer salt appears 
to have a special function, so far as it influences the growth of plants, 
which is not materially modified by the addition or withholding of 
the other salts. In 29 per cent of the soils the functions of the 
several salts, as affecting the growth of plants, are more or less inter 
changeable, there being quite a number of instances when each salt 
used alone gave as large an increase in growth as was secured by com 
bining three of them. In 11 per cent of the soils each salt not only 
has a distinct function, but it is dependent upon the presence of 
others for its fullest effect as shown by a much greater efficiency 
when used in combination than when used alone. There is no ap 
parent relation either by soil type or by locality to this grouping of 
the soils. 

The variation in the efficiency of a fertilizer salt as used alone and 
in combination with various other salts bears no consistent relation 
to the efficiency of the associated salts or to the efficiency of the 
combination as a whole. 

In the pots, as an average of all tests, the aggregate efficiency of 
the several salts when used separately is slightly greater than when 
the same salts are used in combination. Under field conditions, as 
an average of many tests, the aggregate of individuals is the same 
as when used in combination. Individual soils show wide variation 
in respect to this point. 

The character of fertilizer indicated for a specific soil type as it 
occurs in widely separated localities usually varies more than that 
for very different types when in the same locality and subjected to 
similar environment. 

The character of fertilizer indicated for various soil series is essen 
tially the same, although the response to such a fertilizer varies 
greatly. 

In general, the finer the texture of soils the less responsive are 
they to fertilizers, although the character of fertilizer indicated 
remains the same. 

With few exceptions the character of fertilizer required for soils 
depends more upon local conditions and practices than it does upon 
the type of soil or the geological formation to which it belongs. 
The Muck soils are an exception and show a universal response to 
potash salts. 

The condition of the soil is of greater importance than its chemical 
composition. 

Without materially changing the composition of the soil, poor 
soils by proper manipulation and suitable applications can be made 
to produce as large crops in the pots as can be grown on the best 
soils bv the same or other treatments. 
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Fertilizers when effective aid plants to economize in the use of 
water. 

In conclusion it may be said that the crop-yielding capacity of 
soils is increased by improving their physical condition and by sup 
plying manures or fertilizers. Frequently both are necessary, and 
the latter may assist the former. By the employment of both meth 
ods poor soils may become as productive as the best ones. There is 
but little to indicate any relation between the formation and char 
acter of the soil and character of fertilizer to which it will respond. 
Usually soils of a limited locality, where climatic condition and farm 
practices are uniform, show but little difference in the character of 
fertilizer required, although the degree of response may vary greatly 
for different fields, making their use profitable in some instances and 
unprofitable in others. Except in the most general way, the ferti 
lizer requirement of soils becomes a problem for each farm or for 
each class of farms under like conditions of soil, climate, and system 
of cropping and fertilization. The indications are that fertilizers 
containing relatively more potash and nitrogen than do those now 
in general use would prove more effective. This conclusion (to 
which exception might be taken by some because of the fact that 
phosphates are known to be economically used on some soils that 
fail to respond to that salt in the pots) is not based alone on the 
result of this investigation, but upon the tendency of the more pro 
gressive planters to use a higher grade fertilizer, i. e., one containing 
relatively more nitrogen and potash than that used in the past. 
Lime has proved quite generally beneficial, being on an average more 
effective than both potash and phosphate. 
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ITO.X SOIL CARBONATES. 



INTRODUCTION. 

Lime as a mineral constituent of soil amendments or fertilizers has 
always occupied a prominent place in soil chemistry. It is usually 
applied to the soil as a sulphate (gypsum or hind plaster), phosphate, 
hydrate (or oxide), or carbonate. The solubility of these substances 
is obviously of the utmost importance in determining their distribu 
tion and effectiveness when applied to the soil. Nevertheless, the 
literature regarding their solubilities has been most confusing and 
contradictor}-, and in consequence agricultural investigations have 
suffered seriously in that observations have been interpreted in the 
light of uncertain or conflicting premises. In many cases, indubit 
ably, the truth has been missed on this account and conclusions 
deduced which have not only delayed or misguided scientific inves 
tigation, but have led to serious disappointment when brought under 
the test of actual farm practice. For these reasons the investigation 
of the fundamental solubility data and the chemical relations between 
the lime salts and aqueous solutions has been deemed necessary in 
the studies which this Bureau is prosecuting on soils and fertilizers. 

The present state of our knowledge as regards the solubility of 
the sulphate and the phosphates 6 of calcium has been shown in 
recent publications of the Bureau. The present bulletin contains 
similar data for the hydrates and carbonates of lime; and since mag 
nesia and its compounds are so closely related to lime and its corre 
sponding compounds, both in chemical properties and mineral asso 
ciations, data for the hydrates and carbonates of magnesia are also 
included. In searching the literature for the material contained in 
this bulletin an enormous number of papers was found, especially 
with regard to the solubility of lime carbonates. Many of these, 
however, it has not been deemed wise to cite when they had only 
a local or fugitive interest, when they were of a qualitative nature 
only, when they would add but further and unnecessary confirmation 

a Bui. Xo. 33, Bureau of Soils, U. S. Dept. Agr. (1906). 
6 Bui. No. 41, Bureau of Soils, U. S. Dept. Agr. (1907). 
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to points brought out by other data cited, or when, as occasionally 
happened, they were obviously trivial or of doubtful accuracy. 
It is believed, however, that the data given will furnish an 
approximately complete statement of our present knowledge of the 
subject. It is also believed that this material will have an interest 
for geologists and certain technical manufacturers second only to 
that for agriculturists. 

One of the great agricultural problems of the United States is the 
alkali, or accumulation of soluble salts frequently found in the soils 
of the arid areas of some of the Western States, and to a proper 
understanding and satisfactory handling of this important practical 
problem, a knowledge of the chemistry of the solutions formed by the 
action of water on the mineral components of these soils is of funda 
mental importance. The chemistry of "white alkali" has been 
treated quite fully in previous publications of this Bureau and 
especially the important reactions between gypsum and solutions of 
the more soluble salts found in the soil. The present bulletin brings 
together our knowledge of the reactions between the same solutions 
and calcium carbonate, the immediate source of the much-dreaded 
"black alkali." An intelligent interpretation can now be made of 
the analyses of drainage waters and the changes in the soil which 
they indicate. A scientific foundation is now prepared for the further 
development of practical methods for handling this important agri 
cultural problem. 

CARBON DIOXIDE. 

SOLUBILITY OF CARBON DIOXIDE IN WATER. 

The solubility in water of carbon dioxide, like all other gases, is 
greater at the lower temperatures than at the higher temperatures. 
With one or possibly two known exceptions, the solubility in aqueous 
solutions is decreased by increasing quantities of the material in 
solution. Thus, the solubility of carbon dioxide in water is decreased 
either by increasing the temperature or by the addition of some 
material, such as sodium chloride or other salts. The results of the 
work recorded in the literature have been assembled and are given 
in the following tables. The results are given in the same form as 
they have been recorded in the original papers. For instance, the 
solubility of carbon dioxide in water at 10 C. has been given by 
Bunsen as 1.1847. This means that one cubic centimeter of water 
at 10 will dissolve the quantity of carbon dioxide occupying 1.1847 
cubic centimeters at and 760 mm. All the gaseous volumes are 
reduced to and 760 mm. pressure. In this way comparisons may 
be made between the solubility of the gas in solvents at different 
temperatures and also in different solutions. 



SOLUBILITY OF CARBON DIOXIDE IN WATER. 
TABLE I. Solubility of carbon dioxide in water at different temjteratures. 
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TABLE II.- Solubility of carbon dioxide in voter under different pre*gures. a 
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It will be seen that at the higher pressures the solubility of carbon 
dioxide in water is not proportional to the pressure as would be 
expected from Henry s law. At the lower pressures, below 5 atmos 
pheres, the solubility is almost proportional to the pressure. 

SOLUBILITY OF CARBON DIOXIDE IN AQUEOUS SOLUTIONS. 
Sulphuric acid. 

TABLE III. Solubility of carbon dioxide in aqueous solutions of sulphuric add. a 



II 2 SO 4 per 


Solubility at 
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25 C. 
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" Geffeken, Zpit. phys. Chcm., 49, 2.57 (1904). 

TABLE IV. Solubility of carbon dioxide in various mixtures of sulphuric add and water 

at 17 C.a 



IhSO^in 

solution. 


Solubility. 


11, SO. in 
solution. 


Solubility. 


Per cent. 




Per cent. 




100.0 i 0.932 


84.5 0.600 


96.8 


.852 


73.1 .705 


92.0 


.719 
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a Setsohenow, Melanges phys. et ehim. du bu 
Inn Chini. Phvs. (0&gt;. ~:&gt;.j. 220 O892). 



1. de 1 acad. nnpe r. des soi. de St.-P&ersb.. 9, 617 (1876), 



Fables III and IV show that in the comparatively weak solutions 
of sulphuric acid the solubility of carbon dioxide is decreased by 
increasing that concentration. On the other hand, starting from 
sulphuric acid (100 per cent H 2 SO 4 ) the solubility of carbon dioxide 
is decreased by the addition of water, in which the solubility of the 
gas is less than in either sulphuric acid or pure water. 

Nitric acid. 

TABLE V. Solubility of carbon dioxide in aqueous solutions of nitric acid. a 
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liter. 


Solubil 
15 C. 


ty at 
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oGcflcken, Zeit. phys. Chem.. 49, 257 (1904). 
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Nitric acid solutions form the striking exception to the generality 
hat the solubility of carbon dioxide is decreased by the addition of 
M)ine other solute. It will be seen from Table V that the solubility 
&gt;f carbon dioxide is increased by adding nitric acid to the solution. 

Hydrochloric acid. 

I uui VI. Solubility of carbon dioxide in aqueous solution* of Jiydrochloric acid. a 



HC1 per 
liter? 


Solubility ,,t 


15 C. 


25 C. 


Gram*. 
18.2 
18.7 
44.2 
45.6 
75.9 

. 


1.041 
1.042 
1.020 
1.023 
0.9864 
1.009 


- r 
.8074 
.7973 

.7951 
.7951 



a Geffckeii, Zeit. phys. Chem.. 49. 257 (1904). 
Citric acid. 
TABLK VII. Solubility of carbon dioxide in aqueous solutions of citric acid at 15.2 i 



Citric acid 
per liter. 


Solubility. 


Citric acid 
per liter. 


Solubility. 


Grnmx. 
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&lt; Setschenow, Ann. Chim. Phys. (ft), , 226 (1MBV 



Sodium chloride. 



TABLE \lll.-Solnbility of carbon dioxide in aqueous solutions of sodium chloride at 
different tern pcrat arcs. 
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atuiv. 


- 
per cent 
solution. 


7.0626 

IXT (fiit 
solution. 


12.9956 
por cent 
solution. 


17.42 6 
per cent 
solution. 


17.620 
per &lt;-ent 
solution. 


2T..OO &gt;&gt; 
per cent 
solution. 


IMTcetlt 

solution. 


r. 
I) 
5 


1.234 
1.024 








0.678 
.577 






0.4 




0.8990 


0.6326 


0. 5181 




0. 3470 




10 
15 
20 
22 


.875 
.755 
.664 


. 7347" 


.5569 
.4822 


"".1306" 
.3882 


.503 
.442 
.393 


"". 2969 
.2630 


o. siffl" " 


25 


..W3 








352 






30 

35 


.517 

n 


;;;;;;;;;; 






.319 
.288 






40 


.414 








.263 






45 
50 


.370 
.335 








.235 
.215 






55 


.305 








198 






60 










.183 























" Bohr. Ann. Phys. Chem.. S04, 500 (1899). 

6 Mackenzie. Ann. Phys. Chem., i:t7, 438 (1877). 

mtnbenow, Arch. geMmmt. Phystoi.. 8. i (1874). 
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TABLE I\.~-8olubility of carbon dioxide in aqueous solutions of sodium chloride. I 



i(k. 



NaCl per 


Solubility at 


liter. 


ir&gt;.2 r. 


18.38 C. 


21.7 C. 


Grams. 




32 


0.866 


0.795 


0.726 


64 


.760 


.702 


.630 


% 


.661 


.(110 


.560 


128 


.580 


.533 


.497 


160 


.515 


.483 


.437 


192 


.406 


.427 


.394 



o Setsehenow, Memoires do 1 acad. imper. dos sci. de St.-Pc5tersb. (7), -2 2, No. 6 (1875); Ann. Chim. 
Phys. ((i). -J. ), 226 (1892). 

TABLE X.- - -Solubility of carbon dioxide in aqueous solutions of sodium chloride at 15.HC. a 



NaCl per 
liter. 


Solubility. 


NaCl per 
liter. 


Solubility. 


Grams. 
12.9 
18.6 
19.7 
25. 9 
38.8 
52. 6 
63.1 


0.978 
. 950 
.944 
.919 
.865 
.802 
.778 


Grams. 
78.9 
105.2 
125.6 
157.8 
210.4 
315.6 


0. 728 
.640 
.606 
.530 
.422 
.290 



a Setschenow, Memoires de 1 acad. imper. des sci. de St.-Petersb. (7), 34, No. 3 (1886); Ann. Chim. 
Phys. (6), -25, 226(1892). 

In Table XI there have been collected several isolated determi 
nations by Setschenow, which are given for the sake of completeness. 

TABLE XI. Solubility of carbon dioxide in aqiieous solutions of sodium chloride. 



Composition of solution. 



125.6 grams NaCl per liter (A) 



Solubility 



15.2 C. 18.38 C. 



100 c. c. solution A + 95.6 grams water I . 776 

100 c. c. solution A + 296.8 grams water j . 885 

11.7 per cent solution 

19.7 per cent solution 



0.606 0.550 



.705 
.807 



0.489 
.341 



o Setschenow, Memoires de 1 acad. imper. de: 
Potassium chloride. 



do Rt.-P.Hersb. (7). &gt;&gt;. No. ti (1S75): 34. No. 3 (1886). 



TABLE ~X.II. Solubility of carbon dioxide in aqueous solutions of potassium chloride 
at different temperatures. a 



Density of 


KC1 in so 


Solubility at 


solution. 


lution. 


8C. 


15 C. 


22 C. 




Per cent. 








1.0211 


6.06 


0.9880 


0.7772 


0. 6701 


1.0527 


8.65 


.9178 


.7768 


.6488 


1.0796 


11.97 


.8639 


.7202 


.5970 


1.1488 


22.51 


.6877 


.5707 


.4801 



Mackenzie, Ann. Phys. Chem., 237, 438 (1877). 
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FABLK \ III. Solubility of carbon dioxide in aqueous solutions of potassium chloride. 



Setdchi iiow.o 


Geflcken.6 


KC1 per 
liteV. 


Solubility 
at 15.2" C. 


KC1 per 
liter. 

. 
31.55 
32.23 

77.96 
78.93 


Solubility at- 


15 C. 


25 C 1 . 


Gramt. 
94 
141 
282 


0.819 
.745 
.579 


0.9K92 
.9865 
.8875 
.8910 


0.7695 
.7667 
.6920 
.69M 



a Ann. ( him. I hys. (&gt;&gt;), 2o., 226 (1892). 
ft /pit. i.hys. Chern., 49, 257 (1904). 

One other determination 1ms been made by Setschenow, viz, 
that at 22.4 C. the solubility of carbon dioxide in 14.9 per cent potas 
sium chloride solution is 0.589. 

Ammonium chloride. 

TABLK XIV. Solubility of carbon dioxide in aqueous solutions of ammonium chloride 
at different temperatures." 



Density of 


MliClin 


Solubility at 


solution. 


solution. 


10 C. 


15 C. 


22 C. 


Perc&lt; 


1.0211 


6. 


47 


1.0227 


- 


0.7182 


1.0-470 


8. 


72 


1.0000 


.7906 


.7022 


1.0527 


12 


73 


.9220 


.7981 


.6X40 


1.0721 


22. 23 


.8132 


.7384 


.5998 



o Mackenzie, Ann. I hys. Cheni., 287, 438 (1877). 

9 
TABLE XV. Solubility of carbon dioxide in aqueous solutions of ammonium chloride 

at 15.H C. " 



NHC1 per 
liter. 


Solubility. 


NH,Clper 
liter. 


Solubility. 


Grams. 
1.0 
10.0 
43.0 
51.6 
64.5 


1.005 
.985 
.9M 
.941 
. .Ml 


Gram*. 
86 
129 
172 
258 


0. 897 
.858 
.819 
.770 



a Setschenow, M ; inoires do 1 acail. iinpor. des sci. do St.-l eterl&gt;. (7), 24, No. 6 ( 1875) ; 85, No. 7 ( 1887) ; 
Ann. Chim. I hys. (6), 25, 226 (1892). 

In the first of the above papers Setschenow has recorded that at 
21.7 C. the solubility of carbon dioxide in 17.S per cent of ammo 
nium chloride solution is 0.669. 



a Setwhonow, 
(1875). 



dc 1 arad. implr. dcs sri. dt- St.-Prtc-rsh. (7), 22, N 
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Caesium and rubidium chlorides. 

TA.IU.K XVI. -Solubility of carbon dioxide in aqueous solutions of the chlorides of caesium 
andrubidium.B 



v3.1 grains C sCl per liter 

58.1 grains RbCl per liter 

121 .2 grains HhCl per liter 



Solubility at 
15 C. ! 25 C. 



1. 000 0. 777 

.991 .770 

.921 .717 



i (ielTeken, Xeit. phys. Chein., 49, 257 (1904). 



Lithium chloride. 



TABLE XVII. Solubility of carbon dioxide in aqueous solutions of lithium chloride 

at I.T... C. 



16. 72 1. 035 

25.08 .899 

50. 15 . 808 



? Solubility. 



125. 4 &gt; 0. 596 
250.8 ! .497 

501.5 I .120 



i Setschenow, Ann. Chiin. Phys. (IV), 26, 22&lt;i (1892). 



Sodium bromide. 



TABLE XVIII.- -Solubility of carbon dioxide in aqueous solutions of sodium bromide at 

15.2 C. 



NaBr per 
liter. 



115.1 



Solubility. 



0.775 
.364 



.221 ! 

a Setschenow, Ann. Chim. Phys. (6), 25, 226 (1892). 
Potassium bromide. 
TABLE XIX. Solubility of carbon dioxide in aqueous solutions of potassium bromide. 



Setschenow.o Geffckcn. & 


KBrper 
liter. 


Solubility 
at 15.2 C. 


KBr per 
liter. 


Solubility at 


15 C. 


25 C. 


Grams. 




Grams. 






83.9 


0.908 


65.51 


0.9783 


0. 7621 


167.7 


.819 


67.30 


.9766 


.7619 


251.5 


.748 


125.8 


. 9100 


.7030 


503.1 


.579 126.7 


.9065 


.7068 



Ami. Chiin. Phys. (6), &gt;, 226 (1892). 
Zeit. phys. Cheni., 49, 257 (1904). 
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otassium iodide. 

TABLK \\.--Solnbility of carbon diotiil, in a^mous solution* M/ / "?"&gt;" "/" 
Sutachenow. &lt;* 



(M-rtVk.-n. 



! Klper ! Solubuitv KI per I 

liter. .tlfcPd liter. h ^ - ~ 



Gram*. 

319.1 0.773 93.85 0.9809 

478.6 .688 95.18 .9835 

957.3 506 173.24 .9144 

185.87 



Ann. ( him. 1 hys. (fi), 25, 226 (1892). 
Xx-it. phys. Chem., 49, 257 (1904). 



0. 7ti7H 
.7676 
.723(i 
.7166 



Sodium nitrate. 



XXI. ---Solubility of carbon dio.ride in aqueous solutions of sodium nitrate at 
15.2 C 



. P " r Solubility. Na ,^ r P er Solubility. 



Grams. 
89.3 
104.2 
125. 
ISA. 3 



Grams. 

0. 835 208. 4 

. 795 312. 6 

. 762 416. 8 

. 709 625. 2 



0. (121 
.495 
.385 
244 



. Mi -moin-s !&lt; 1 ucad. imp&lt; T. dt-s sci. do St.-IVtorsb. (7), 4. No. 3 (IKSiii; Ann. ( him. 
Phys. (f.S. 22i(1892. 

TABI.K XXII. Solubility of carbon dioxidf in aqueous solutions of sodium nitratt at 
various temperatures. a 



Solubility at- 
15.2 ( . 18.38 C. . 21.7 C. 



17.02 per wilt olution 

2x.:i iTi--nt solution 

12. i.4nr;iins IMT litor (A) 

100 c. C. ( A ) + 95.54 c. c. water 

lOOc.c. (A) 4- 286.6C.C. wat&gt;r 



0.747 
.876 
946 



.693 .... 
.798 ... 
.870 .. 



a Sotschonow, Momoiros dfl acad. iinp.-r. dos sci. do St.-Potersb. (7), 22. No. 6 (1875) ; 84. No. 3 (1886). 
Potassium nitrate. 
Tun l. XXIII. Siiliibililii of i-arbon ilioiiil, in OqUfOUS Solutions oj notaxstinn nitrut. 

Gcffcken. 



Sctgohrnow.o 



KNO, Solubility KNO&gt; Solubility at 

per liter, j at 15.2 d j per liter. ; ^ Q ~ 



UT.fl 



54.24 1.001 0.7825 

104.0 .943 .745 



-s .i- 1 ai-Hd. inip. -r. &lt;l-s soi. dc St.-lVU-rsb. (7), 22, No. 6 (1875); M, No. 7 (1887). 
t&gt; Zeit. phy.s. Ch.-m.. 4, i .7 (1904). 
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In the first of the above papers Setschenow gives the solubility of 
carbon dioxide in 20.24 per cent solution of potassium nitrate as 
0.641 at 22.4 C. 

Ammonium nitrate. 

TABLE XXIV. Solubility of carbon dioxide in aqueous solutions of ammonium nitrate 

at l.j.&gt; C." 



NH&lt;N0 3 
per liter. 


Solubility. 


X1L,N0 3 
per liter. 


Solubility. 


Grams. 
2.8 
5.6 

M; 5 2 

55.0 


1.013 
1.010 

iS 

.989 


Grams. 
101.0 
202.1 
386.0 
404.3 
810.4 


0.962 
.911 
.819 
.807 
.612 



a Setschenow, Memoires do 1 acad. imper. des sci. de St.-Pc 5 tersb. (7), 22, No. 6 (1875); Ann. Chim. 
Phys. (6), 25. 226 (1892). 

Ammonium sulphate. 

The following figures give two determinations of Setschenow* on 
the solubility of carbon dioxide in ammonium sulphate solutions : 

Grams (NH 4 ) 2 SO 4 per liter 72. 2 144. 4 

Solubility at 15.2 C 0. 712 0. 575 

Sodium sulphate. 

TABLE XXV. Solubility of carbon dio.ddc in aqueous solutions of sodium sulphate at 

15.2 C.o 



patter, i Solubility. 


Na 2 SO 4 
per liter. 


Solubility. 


Grams. 


Grams. 




14.22 


0.950 


94.8 


0.620 


28.44 


.876 


142.2 


.485 


56.88 


..753 i 


284.4 


.2335 


71.10 


.700 







a Setschenow, Ann. Chim. Phys. (6), 25, 226 (1892). 

TABLE XXVI. Solubility of carbon dioxide in aqueous solutions of sodium sulphate at 
various temperatures . a 



Solubility at 



7.11 per cent solution 

14.22 percent solution 

128.74 grams per liter (A) 

100 c. c. (A) +98. 04 c. c. water 

100 c. c. (A) +294.12 c. c. water 



15.2 C. 18.38 C. i 21.7 C. 



0.472 
.771 

.850 



0.670 : 

0. 391 

.470 



i Setschenow, Memoires de 1 acad. imper. des sci. de St.-Pe tersh. (7) , 22, No. 6 (1875) ; 34, No. 3 (1886). 
"M6moires de 1 acad. imper. des sci. de St.-P6tersb. (7), 22, No. 6 (1875). 
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Potassium sulphocyanate. 

TABLK XXVII. Solubility of carbon diojnde in aqueous solutions of potassium 
Hiilfthocyunate at 1.5.2 C." 



&lt;8ctwhi&gt;now. Ann. ( him. Phys. (fi) f 25, 22&lt; (1*92). 



Sodium chlorate . 



TABLK XXVI 1 1 . Solubility of carbon diocuif in aqueous solutions of sodium chlorate, at 

7.5.2 ( ." 



Gram*. 

233.3 0.62.^) 

349. 9 . 506 

699. 8 .257 



S. t9chcnow, Ann. Chim. I hys. (6), 25, 229 (1892). 



Calcium chloride. 



TABLE \\lX.-Soliibility of carbon dioxide in aqueous solutions of calcium chloride at 
various temperatures." 



Density. 



Solubility at 



T. 16iC. 22 C. 30 C. 



Per cent. 

1.0358 , 4.3650 0.9423 0.7587 0.6726 0.5957 

1.0489 i 5.7390 , .8548 .7260 .6159 .5266 

1.0683 : 8.04,S3 .8383 .6740 .-&gt;809 .4998 

1.1387 I 15.7925 .6315 .5202 4709 .3945 j 

"Mackfinzie. Ann. Phys. Them., 287. 438 (1877). 
Strontium chloride. 

TABLE XXX. Solubility of carbon dioxide in aqueous solutions of strontium chloride 
at various temperatures. 



Density. 


SrCI, in 
solution. go . 


16J C. 


22 C. 


30 C. 




Per crnt. 










i 1.0873 


9. 5108 


0. 7789 


0. 6633 


0. 5806 i 


0. 5079 


1.11.59 


12. 3248 


.7367 


.5859 


.5071 


.4386 


1.1727 


17.7132 


.6057 


.4727 


.4435 1 


.3672 


1.3428 


31.1937 


. 2449 


.2474 


.2231 



Mackenzie, Ann. Phys. Them.. 287, 438 (1877). 
817H No. 4907 2 
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Another determination by Setchenow* is that at 15.2 C. the solu 
bility of carbon dioxide in 3.97 per cent strontium chloride solution 
is 0.893. 

Barium chloride. 

TABLE XXXI. -Solubility of carbon dioxide in aqueous solutions of barium- chloride at 
various temperatures." 



Density. BaCMn 



Solubility at 



1 C. 161 C. 22 C. | 30 C. 



Per cent. 

1.0684 i 7.3162 
1.0916 9.7531 j 1.0207 

1.1372 14.0297 | 

1.2731 25.2146 i .4949 



0.9694 0.7441 0.6803 0.5655 

6445 .6072 I .5426 

.6179 .5235 .4672 

.6179 .3833 .3152 



a Mackenzie, Ann. Phys. Chem., 237, 438 (1877). 

Two determinations have been made by Setchenow,* as follows: 
At 15.2 C. solubility in 5.2 per cent BaCl 2 solution is 0.894. 
At 22 C. solubility in 6.94 per cent B a Cl 2 solution is 0.670. 

Magnesium sulphate. 

TABLE XXXII. Solubility of carbon dioxide in aqueous solutions of magnesium 
sulphate at 15 to 16 C. 



MgSO, per 
liter. 


Solubility. 


Grams. 
26.5 
40.0 
79. 5 
159.0 
318.0 


0.901 
.822 
.669 
.441 
.188 



a Setschenow, Mdmoires de 1 acad. imper. des sci. de St.-Petersb. (7), 35, No. 7(1887); Ann. Chim, 
Phys. (6), 25, 226 (1892). 

In Table XXXII the concentrations have been calculated from 
tables of the solubility of magnesium sulphate in water, as the 
original paper gave only the density of the concentrated solution, 
which was also saturated. 

TABLE XXXIII. Solubility of carbon dioxide in aqueous solutions of magnesium 
sulphate at various temperatures. a 






Composition of solution. 


Tempera 
ture. 


Solubility- 


8.432 grams M 
33.73 grams IV 
60.2 grams M 
15.05 per cent 


gSO&lt;+500 grams water 
[gSO 4 +500 grams water 


26.00 
25.00 
18.38 
22.40 


0.712 
.586 
. .i23 
.310 


solution 



a Setschenow, Memoires de 1 acad. imper. des sci. de St.-Petersb. (7), 22, No. 6 (1875); Ann. Chim. 
Phys. (6) ,25, 225(1892). 

*M6moires de 1 acad. imper. des sci. de St.-Pgtersb. (7), 22, No. 6 (1875). 
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Zinc sulphate. 

TAHLK XXXIV. -Solubility of carbon diojcidr in aqueous solution* of zinc sulphati at 
7.5 to UP C. i 



Gram*. 

38. 3 0. 903 

76. 7 . 783 

230.0 171 

460. . 209 , 

aSetsohcnow, M&lt;nioinntdf 1 wad. inip -r. il&gt;s sci. do St.-IY torsI&gt;. &lt;7&gt;. . No. 7 ( 1887) ; Ann. ( him. I hys. 
(), 25, 22&lt;i (1892). 

In Table XXXIV the concentrations have been calculated from 
tables of the solubility of zinc sulphate in water, as the original 
papers gave only the density of the most concentrated solution, which 
was also saturated. 

TABLK XXXV. Solubility of carbon dioxide in aqueous sol 11 1 ions of zinc sulphate at 
ranous temperatures." 

Composition of solution. ^v Solubility. 



I M ^nuns ZnSO,+. r iOO grains water 26.00 0. 71."&gt; 

:F.I..M Bruins ZnSOt+500 grams water 25.00 .MM 

N0.7 prams XnS(),-t- .VK) grams water 18. 38 ! . .V&gt;2 

"Setschonow. Momoiros do 1 ac-ad. impor. dos sci. do St.-I otorsb. (7), 22. No. (1875); Ann. Chim. 
I hys. (6), 25. 226 (1892). 

Other salts. 

TABI.K XXXVI. Solubility of carbon dioxide in aqueous solutiojts of different salts." 



Composition of solution. T&lt; n!l ra ~ Solubility. 



turn. 



.27 rxr-nt Ba( NO,), solution : \:, .2 0.922 

8.35 per cent Ba(NOj)i solution 220 715 

4.10 per c-ntCa(N0 1 , solution 15.2 .923 

5.20 per cent Sr (NOi)t solution 15.2 .916 

I2&gt; |HT (-.Tit CaSO, solution 18.38 .672 

M per cent AgNOi solution 18.38 .648 

1 1 .9 por cent MgCli solution ... 22. 4 .451 

oSetschenow, Mfimolms do 1 arad. impor. &lt;l&lt;-8 sci. do St.-I etersh. i7), 22, No. 6 (1875). 
GENERAL CONCLUSIONS. 

The following general conclusions may be drawn from the work 
ii|&gt;on the solubility of carbon dioxide in various solutions: 

1. The solubility in salt solutions is less than in an equal volume of 
water. 

2. The solubility of carbon dioxide in water is increased by addition 
of nitric acid. 

3. The solubility of carbon dioxide in sulphuric acid is decreased 
by the addition of water; likewise the solubility of carbon dioxide 



20 ACTION OF AQUEOUS SOLUTIONS ON CARBONATES. 

in water is decreased by the addition of sulphuric acid; consequently 
there is a mixture of sulphuric acid and water, which dissolves a mini 
mum quantity of carbon dioxide. 

4. The more concentrated the solutions are, the less carbon dioxide 
is absorbed. 

5. The solubility in solutions of strontium chloride is between that 
in calcium and barium chlorides. 

6. The quantity of carbon dioxide absorbed becomes less as the 
temperature increases. 

7. The solubility is less in sulphate solutions than in chloride solu 
tions, and less, in chloride solutions than in nitrate solutions. 

8. Solutions of sodium salts absorb carbon dioxide less readily 
than solutions of similar potassium salts, and solutions of ammonium 
salts are better solvents than solutions of either sodium or potassium 
salts. 

LIME. 

SOLUBILITY OF LIME IX WATER. 

Man}* experimenters have investigated the solubility of lime in 
water at different temperatures, and on account of the many pre 
cautions which must be taken in such determinations the results have 
not shown a satisfactory agreement. It is essential that the water 
in which the lime is to be dissolved should be absolutely free from 
impurities, especially materials of organic origin, which will be shown 
to possess a very great solvent action on lime. It is also essential 
in any accurate determinations that the source and impurities of the 
lime should be known. That there is a difference in the solubility 
of lime, depending on the source and consequently upon the impuri 
ties present, is seen from the determinations of Lamy a upon lime 
obtained from different sources. These results are given in the fol 
lowing table : 

TABLE XXXVII. Solubility of lime obtained from different sources. 



Lime in J ,000 parts of 



Te 








solution. 




at ure. 


From 
nitrate. 


From 
marble. 


Hydrate. 




r 


Parts. 


Parts. 


Parts. 







\ 


Ml 


1. 381 


.430 




10 


j 


311 


1. 342 


.384 




15 


1 


277 


1.299 


.344 




30 




14? 


1.162 


.195 




45 




996 


1.005 


.033 




100 




562 


.576 

1 


.584 



Compt. rend., 86, 333 (1878). 



SoI.riilUTY OF LIME IN WATK1J. 



The solubility of lime in water at different temperatures has been 
investigated by many experimenters u and the results of these inves 
tigations have been collected in the following table and the accom 
panying plate: 



TABLE XXXVIII. Solubility of lime (CaO) in voter. 
(Given in grama per liter.] 



Temp. 



"C. 



5 
10 
13 
15 

15. 
19 
X 
23 
25 
30 
35 
40 
45 
50 
54. 4 
55 
60 
65 
70 
75 



Daltnn. 


Phillips. Carlea. 


PM W|tt _ Tlch . 
Rotondi. 8t " n - *&gt;. 










1 








1 






i.274 









129 1.29 ! 1.37 1.35 

1.251 1.241 ;. 



752 . 747 

.560 



1.318 


1.2!* 



1.101) 
1.073 
1.015 
.1*2 

."90(V 



810 
.763 
.734 

- 
.ti33 

OK 

"im 



oDalton, New System of Chemical Philosophy, Manchester (1808), cited by Phillips. Ann. Chim. 
Phys. (2). 16. 213 (1X21); Carles. Pharm. Jour. Trans. (3). 4.550(1874); Pa vest and Kotondi. Ber. 
.l.uts&lt;h i hem. Ges.. 7,817(1S74); WittMein. Kepert. Pharm. (3), 1. 1X2 (184H); Boutron and Boudet, 
Jour. Phurin. (3), 26, Hi (lH. r &gt;4); Tich borne. Chem. News. 24, 1&lt;(9 (1S71); Mabon, Pharm. Jour. Trans. 
(3), 14. 505 (18X3); Lunge. Jour. SIM\ Chem. Ind., 11. X.S2 (1892); Cabot, ibid., 16. 417 (1897); Herzfeld, 
Hied. Centr.. 27. 571 (18!*); Guthrie. Jour. Soc. Chem. Ind., 20. 223 (1901): Herold. Zeit. Elektro- 
chem., 11. 417 (1905): Tilden and Shenatone, Pr-*. Kov. Soc., 88, 33 (1885). 
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TABLE ~XXXVIII. Solubility of lime (CaO) in water &lt; ontinued. 
[Given ingrains per litrr.l 



Temp. ; Lunge. 



5 

10 

13 

15 

15.6 

19 

20 

23 

25 

30 

35 

40 

45 

50 

54.4 

55 

(30 

65 

70 

75 

80 

85 

90 

95 

99 
100 
109 
120 
150 
190 



Herzfeld. Guthrie. Horold. 



ill 
.996 



.902 

.864 

Mil 

.752 
709 



1.350 . 
1.342 . 

1.320 "I! 

"i. aitt" ; 

i.254 
1. 219 . 

L119 ! 
.981 " . 



.740 
.696 



0. 305 

. 169 . 246 



In spite of the lack of satisfactory accord between these various 
determinations, the results indicate that lime is about twice as solu 
ble at as it is at 100 C., and that the solubility curve approxi 
mates a straight line between the temperatures 25 and 100 C. (See 
figure 1.) 

SOLUBILITY OF LIME IN AQUEOUS SOLUTIONS. 
Ammonium chloride. 

There are many qualitative statements in the literature that lime 
is much more soluble in ammonium chloride solutions than in water. 
The quantitative results obtained by Xoyes and Chapin 6 are given in 
the following table : 

TABLE XXXIX. Solubility of lime in ammonium chloride solutions at #5 C. 



Ammonium 


T ,- 


chloride ^Yi 1 ;*" 


per liter. 




Grams. 


Grams. 


0.0 1.134 


1.164 


1.631 


2.328 


2.201 


4.655 


3.348 



"This result is also given by Goldammer, Pharm. Centr., 2fi, 442, 455X1885); abatr. in .Tour. Soc. 
( hem. Ind., 6, 450 (1866). 
&Zeit. phys. Chom., . H. 518 (1899). 
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From this table it will be seen that by increasing the quantity of 
ammonium chloride in the solution the solubility of lime is also 




50 



Temperature 
FIG. 1. Solubility of Hint- in witter at various temperatures according to various experiments. 

increased, and at the concentrations employed the increase is nearly 
promotional to the concentration of ammonium chloride. 
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Sodium, chloride. 

Lime is more soluble in sodium chloride solutions than in pure 
water. According to Lunge, at 50 C. a sodium chloride solution (5 
to 10 per cent) dissolves about 35 per cent more lime than does water 
at the same temperature. The solubility for different concentra 
tions of sodium chloride at different temperatures has been given by 
Cabot b as follows: 

TABLE XL. Solubility of lime in sodium chloride solutions. 

_ ^^ 



NaCl per liter 


Ca 


O per liter. 




o c. ! 


15 C. 99 C. 


Grama. 


Grams. \ 


Grams. Grams. 





1.36 ! 


.31 


0. 635 


30 


1.813 


.703 .969 


GO 




.824 


1.004 


120 


"~\.W" : 


.722 


1.015 


240 


1.36 


. 274 . 771 


Saturated. 


1.054 


.929 


.583 



With increase of sodium chloride in solution the solubility of lime 
increases to a maximum and then decreases again until the satura 
tion point for sodium chloride is reached. 

These results are confirmed by the experiments of Maigret c upon 
the solubility of lime in sodium chloride solutions. The results also 
show that the presence of sodium hydroxide causes a decrease in the 
quantity of lime in solution. The following table gives the results of 
this work: 

TABLE XLI. Solubility of lime in sodium chloride solutions containing various quan 
tities of sodium hydroxide. 





( 


1aO per liter 




NaCl per 
liter 


NoNaOH. 


0.8 gram 
NaOH per 
liter. 


4.0 grams 
NaOIIper 
liter 


Grams. 


Grams. 


Grams. 


Gram. 





1.3 


0.8 


0.22 


5 


1.4 


.9 




10 


1.6 


1.0 




25 


1.7 


1.1 




50 


1.8 


1.25 




75 


1.9 


1.4 


.58 


100 


1.85 


1.4 




125 


1.7 


1.3 




150 


1.65 


1.25 


""."44" 


175 


1.6 


1.2 




182 


1.6 


1.2 




200 


1.55 


1.1 




225 


1.4 


1.0 




250 


1.3 


.9 




275 


1.2 


.7 




300 


1.1 


.7 


""."22" 


3,, 


,0 








a Jour. Soc.Chem. Ind., 11, 882 (.1892). 
6 Jour. Soc.Chem. Ind., 16, 417 (1897). 
c Bui. Soc. Chim. (3), 33, 631 (1905). 
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Potassium chloride. 

According to Lunge," at ~)0 C. a potassium chloride solution (5 to 
10 per cent) dissolves about 35 per cent more lime than does water 
it the same temperature. The solubility for different concentra 
tions of potassium chloride at different temperatures has been given 
oy Cabot as follows: 

TABLE XLII. Solubility of lime in potassium chloride solution*. 



KCl per liter. 


CaO per liU-r. 


0C. 


15 C. 


99 C. 


Gram*. 

30 
00 
120 
240 
Saturated. 


Grams. 
.36 
.701 
.725 
.718 
.248 
.21 


Grams. 
.31 
.65* 
.674 
.60f 
.199 


Gram. 
0. IBS 
.78S 
.87(1 

; f,i2 



The solubility increases with increase of potassium chloride to a 
maximum and then decreases again as the concentration of potassium 
chloride approaches the saturation point. 

Calcium chloride. 

It might be expected that the solubility of lime in the solution of a 
salt yielding a common ion would be depressed. There are indica 
tions that this actually happens at lower temperatures and in the 
more dilute solutions of calcium chloride. In the more concentrated 
solutions, however, this solubility is augmented, as will be observed 
from the following table by Lunge 6 and Zahorsky/ 

TAHI.K XLIII. Lime dissolved at different teiirptraturrs by various solutions of calcium 

chloride. 



CaO per 100 c. c. solution. 





20" C. 


40 C. 


60 C. 


80 C. 





Ptretnt. Gram. 


Gram. 


Gram. 


Gram. 


Gram. 


0. 1374 0. U62 


0. 10211 


0.0845 


0. (HIM 




.1020 


.093*) 


.0906 


10 


.1661 .1419 


.1313 


. 1326 


.138i 


16 


. 1993 . 17R1 


.1706 


.1736 


.1842 




.2249 


.2204 


.2295 


. 2325 


25 


o 3020 


.2989 


.3261 


.3710 




a. 1630 


o.3684 


. 3664 


.4122 


.4022 



a Oxyehloride separated out. 

Lunge has pointed out from these results that solutions up to 10 
per cent calcium chloride at ordinary or slightly raised temperatures 
alter ^the solubility very little from that in pure water. At the 
higher temperatures the presence of calcium chloride increases the 

Jour. Soc. Them. Ind., 11,882 (1892). &gt;Jour. Soc. Chem. Ind.. 16,417 (1897). 
cZeit. anorR. Chem., 8,34 (1893). 
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solubility of lime proportionately with the quantity of calcium 
chloride, except where the phenomenon is complicated by precipi 
tation of the solid oxychloride. The changes in solubility due to 
changes of temperature are not so great as the changes consequent 
upon changes in concentration of calcium chloride. 

The recovery of manganese peroxide in the Weldon process is 
brought about by the action of lime upon the manganous salts. The 
presence of considerable quantities of calcium chloride is essential, 
and according to Lunge the most natural explanation is that it 
serves as a solvent for lime, as lime is much more soluble in hot 
solutions of calcium chloride than in water. This increased solu 
bility has been attributed to the formation of an oxychloride in 
solution. That this explanation is not sufficient follows from a con 
sideration of the relative solubilities of the oxychloride and of lime. 
Of two substances which may separate out as solid phase under any 
conditions the stable solid is that one whose solubility in the liquid 
is least, or which, after the precipitation has taken place, leaves the 
solution least concentrated. As the oxychloride separates out at 
the higher concentrations, it follows that the content of free lime in 
the solution is less than if the solid phase had been calcium hydroxide. 
The increased solubility of lime in calcium chloride solutions of the 
higher concentrations can not therefore be satisfactorily explained 
on the ground of the formation of oxychloride in solution. 

The crystalline precipitate obtained by heating lime in a concen 
trated solution of calcium chloride was first observed by Buchholtz a 
and later by Tromsdorf . a At first it was supposed to be a modifica 
tion of lime, but Berthollet subsequently showed it to be a com 
pound of lime with calcium chloride. The ratio of lime to calcium 
chloride has been definitely determined by many experimenters as 
three to one, but the number of molecules of water of crystallization 
has been variously determined. Rose, Ditte, c and Andre d have 
ascribed to it the formula 3CaO.CaCl 2 .16H,O; Beesley e has given 
it the formula 3CaO.CaCl 2 .14H 2 O; while Rose/ Precht,^ Grimshaw, A 
and Zahorsky* indicate the formula 3CaO.CaCl 2 .15H 2 O. 

This compound is formed in large quantities in the production of 
ammonia by the action of lime on ammonium chloride, and all the 
above work upon its composition has been upon the compound 

See Berthollet, Essai de Statique Ohimique, 1, 350. 

fcSchweig, Jour., 29, 155 (1820). 

cCompt. rend., 91, 576 (1880). 

dCompt. rend., 92, 1452 (1881); Ann. ( him. Phys. (6), 3, 66 (1884). 

Phar. Jour. Trans., 9, 568 (1850). 

/Schweig. Jour., 29, 155 (1820). 

ffSee Zahorsky, Zeit. anorg. Chem., 3, 34 (1893). 

fcOhem. News, 30, 280 (1874). 

iZeit. anorg. Chem., 3, 34 (1893). 
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obtained by dissolving lime in warm or hot concentrated calcium 
hloride solutions and allowing it to settle after filtration. Upon 
landing, large crystals of the oxychloride separate. These are decom- 
&gt;osed by water and by alcohol. Ditte has shown that when the 
oxychloride is treated with water the solution contains all the cal 
cium chloride and part of the lime, while the residue of lime remains 
;is a fine powder. This decomposition does not take place at 10 C. after 
he solution has reached the concentration of 85 grams calcium chlo- 
ide per liter. Alcohol acts similarly, and at 17 C. no decomposition 
occurs if the alcohol contains 1.30 grams calcium chloride per liter, 
I nit calcium oxychloride passes into solution unchanged. Zahorsky 
lias also proved that sodium, potassium, and ammonium chlorides in 
solution all decompose the oxychloride of calcium, free lime being left 
;is a fine powder. Glycerol, however, has no decomposing influence 
ipon the oxychloride, but dissolves it readily in the cold, the solution 
indergoing no decomposition upon heating. When an equal volume 
)f water is added to the solution in glycerol, decomposition takes place, 
lime separating. 

:5odium and potassium hydroxides. 

According to Pelouze" 100 parts of a solution containing 1 part of 
sodium or potassium hydroxide dissolves not more than one fiftv- 
;housandth of 1 part of lime. 

The following results by d Anselme 6 prove that the solubility of 
ime in sodium hydroxide solutions decreases with increasing concen- 
irations of the caustic alkali and also with rise in temperature: 

TABLK XI, IV.- -Solubility of lime in solution* of sodium hydroride. 



NaOH 
per 










liter. 


20 C. 


50 C. 


70 C. 


100 C. 


Grams. 


Grams. 


Gram. 


Gram. 


Gram. 


0.0 


1. 17 


0.88 


0. 75 


0.54 


0.4 


.&lt;M 


.65 


. 53 


. 35 


1.6 


.57 


.X, 


.225 


. 14 


2.67 


.39 


.20 


.11 


.as 


5.0 


.18 


.Ofi 


.04 


.01 


8.0 


. 11 


.02 


.01 


Traces. 


20.0 


.02 


Traces. 


.00 


.00 



Ann. Chim. Phys. (3), 88, 5 (1851). 
6 Bui. S&lt;x-. Chim. (3). itt, 93ti (1903). 



28 



ACTION OF AQUEOUS SOLUTIONS ON CARBONATES. 



Calcium sulphate. 

The mutual solubility of gypsum in lime solutions and of calcium 
hydroxide in gypsum solutions has recently been determined at 25 C. 
in this laboratory by Cameron and Bell a with the following results: 

TABLE XLV.-^-3/fM/ solubility of gypsum and lime at 25 C. 



; CaSO&lt; 
per liter. 


CaO 

per liter. 


Solid phase. 


Grams. 


Grams. 




0.000 


.166 


Ca(OH)j. 


.391 


.141 


Ca(OJI)j. 


.666 


.150 


Ca(OH)i. 


.955 


.215 


Ca(OH),. 


1.214 


.212 


Ca(OH). 


1.588 
1.634 


.222 
.939 


Ca(OII) 2 , CaSO,. 2H,O. 
CaS0 4 .2HO. 


1.722 


.611 


(aS0 4 .2HjO. 


1.853 


.349 


CuS&lt;&gt;4.2U 2 O. 


1.918 


. 176 


CaSO&lt;.2H s O. 


2.032 


.062 


CaS0 4 .2H 2 0. 


2.126 


.000 


CaSO&lt;.2H 2 0. 



It will be seen from these results that with increasing lime content 
in the solution the solubility of gypsum is steadily depressed. With 
increasing amounts of gypsum in the solution the solubility of lime 
seems to be nearly the same as in pure water. These results have 
been recently confirmed by further work in this laboratory by Bell 
and Taber. 

Calcium nitrate. 

The following table by Cameron and Robinson h gives the content 
of free lime in various solutions of calcium nitrate at 25. 

TABLE XLVI. Solubility of lime in calcium nitrate solutions at 25. 



o co 

Deiisityg o . 


CaO as C:i(OII)j. Ca(NO 3 ) 2 . 


In 100 c.c. 


In 100 
grams 
H 2 O. 


In 100 c.c. 


In 100 
grams 
H 2 O. 


Grams. 


Gram. 


Gram. 


Grams. 


Grams. 


1. 0249 


0.095 


0. 096 


3.35 


3.38 


1.0484 


. 105 


. 109 


8.18 


8.52 


.0940 


. 120 


.125 


12.91 


13.42 


.1383 


.170 


. 181 19. 43 


20.73 


.1840 


.171 


. 187 , 20. 49 


28.98 


.2101 


.180 


.198 


29.82 


32. 84 


.2287 


.190 


.212 


32.97 


36. 83 


.2290 


.191 


.213 


33.27 


37. 55 


.2541 


.200 


.224 


35.87 


40.25 


.2581 


.203 


.230 


37.04 


41. 9S 


. 2826 


.226 


.260 


40.88 


47.00 


.2905 


.229 


.263 


41.08 


47.16 


.3337 .277 


.332 


48.99 


58.67 


. 3735 . 34 i 


.429 


50.88 


69.40 


. 4195 . 440 


.545 


63.93 


83.03 


. 4840 . 331 


.449 


73.58 


99.70 


. 5330 . 263 


.371 


81.91 


1 15. ,50 


.5809 .203 


.303 


90.38 


135. 30 


.5842 .000 


.000 


91. 84 


139.30 



Jour. Am. Chem. Soc., 28. 1220 (1906): Bui. No. 33, Bureau of Soils, r. S. Dept. Agr. (1906). 
-.Tour. Phys. Chem., 11. 273 (1907). 
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These results are plotted in the accompanying diagram (fig. 2), 
in which four distinct curves are seen. In order to determine the 
Composition of the solid phases along each of these curves the tri 
angular diagram method of Schreinemakers and Bancroft was 
employed, and the following table gives the composition of the solu- 

ions and of the corresponding solid phases with adhering mother 

iquor. 



* 
*2 





o I 

o 

i 




500 1000 

Grams Co(A/O s ) 2 per IOOO jroms H 2 O 

KIG. 2. Solubility of lime in solutions of calcium nitrate at 25T. 
TABLK XLVII. -Composition of solution* and solid residues at ^5. 



1500 



Point. 


Solution. 


Point. 


Precipitate with ad 
hering solution. 




C0. 1 N0. 




CaO. NiOi. 




Percent, j Percent. 




Per cent. Per cent. 


; 


1.21 2.15 


F ... 


40.85 1.00 


O... 


4.16 7.80 


G 


37. 70 


H 


7.77! M.70 


II ... . 


33. 2*1 7. 20 


I 


9.34J 17.84 


1 


29. 73 9. 87 


J 


9.W 18.77 


J 


27.49 11.00 


K 


14.21 i 2i.87 


K ... 


38. 59 15. 71 


L 


17.20 33.32 


L ... . 


31. M 3fi.3 


M.... 


la 50 35. 33 


M .. . 


31. 72 37. 21 



From the diagram (figure :i) it will be seen that the extension of 
the lines F F and (i (J meet in a point corresponding to solid calcium 
hydroxide. This substance, therefore, was the solid phase in con 
tact with the solutions represented by the curve A B. 
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Il is evident that the linos joining the points representing the 
composition of the solutions and their corresponding precipitates for 
the second branch of the curve, when extended, do not meet at a 
common point. The precipitate is therefore of variable composi 
tion, and since there can be only one solid phase present, it must be 
a series of solid solutions containing calcium oxide, nitric oxide, and 
probably water. 

The residue s along the third branch of the curve proved to be a 
substance occurring in long acicular crystals. As scaled off from the 
diagram its percentage composition is Oa(), 39.5; N 2 O 5 , 38.0, and 




CoO N 2 O 5 

] "Ki. H. Triangular diagram showing the composition of the solutions and of the solid phases in 
conluet with the solutions at 25 C., where then; are present lime,, calcium nitrate, and water. 

H 2 O, 22.5; corresponding to the compound 2(W).N 2 O r&gt; .3 VH,(), and 
is identical with the one described by Werner." 

The solid phase in contact with the solutions along the fourth 
branch of the curve was- undoubtedly the well-known normal nitrate 
Ca(NO,),.4H,O, and no further attempt was made to demonstrate 
its composition. The data for the "constant" solutions have been 
brought together in the following table: 

"Ann. China. Phys. (6), 27, 570 (1892); (\.mpi. rend., 115. 1&lt;&gt;&lt;&gt; (1892). 
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r.\iu.K XLVII1. -Data for tlu~ "constant" solutions in tfa system, calcium nitratt , litnr, 
and water at , .5 (. . 



ii.i.-i with tolutio 



A CafOIli, 

B : &lt; . on . ami solid solution (CaO.xNtO&. 

y !!,(&gt; i 

C , Solid solution (CaO.xNiOj.yHfO) and Cat). 

Ni0..31IItO 

D CBO.NiOj.3JHiO; and Ca(NOi)i.4HiO 

K Ca(NO,&gt;,.4H,0 ... 



Coin-out ration of n&gt;- 
njMvtivi 1 solutions; 

? rain* | 



CaO as 
Ca(OH&gt;i. 



0.118 0.0 

170 JO. 73 

440 83. 03 

.203 135.3 

.000 KW.30 



Olycerol. 

The following table gives the results of Berthelot " upon the solu 
bility of lime in jjlycerol solutions. 

TAHI.K X LI X No/i//&gt;i7/// of liwr in ylycerol solution* at ;&gt; C. 



(Jlvcorol 
perlOOc.c. 

solution. 


CaO por 

UK) c.c. 

solution. 

dm m 

o. ii.:. 

. I M. 

. ur_&gt; 

.196 

.240 
.:t70 


drams. 

1 

I . .10 

J. Hti 
111 



The results of Carles are in accord with these, showing that as 
the content of the solution in &lt;;lvcerol becomes greater, the solubility 
of lime also increases. 

TAHI.K K. Solubility of linif in ijlyccrol solutions. 



Solution (( 
Water. 


ntiiining 
(Jlyoerol. 

Gram. 


50 

100 
200 
400 


CaO dis 
solved. 


dram*. 
1.000 
1 , 000 
1,000 
1,000 
1,000 


dram*. 
1.251 
1.865 
2. 583 
4.040 
. 5t 



The presence of glyoerol in solution increases the solubility of lime, 
as the following table by Puls r indicates: 

" Ann. ( him. Phys. (3), 4tt, 173 (1856). & Pharni. Jour. Trans. (3), 4, 550 (,1874). 
fjour. prakt. Chom., 128. 83 (1877). 
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TABLE LI. Solubility of lime in glycerol solutions. 



Glycorol 
per 100 
grams 
solution. 


CaO per 
100 grams 
solution. 


Glycerol 
pr 100 
gr.-i.ms 
solution. 


CaO per 
100 grams 
solution. 


Grams. 


Gram. 


Grams. 


Grams. 


0.0 


0.148 


10.00 


0.370 


2.00 


.186 i 


26.97 




2.50 


.192 


37. 91 


.852 


2.86 


.1% 


51.15 


1. 434 


5.00 


.240 







The following table contains the results of Her/ and Knoch: 
TABLE LIL-- Solubility of lime in glycerol solutions at 25 C. 



Density ~ 


Glvcerolin 
solvent. 


Ca(OH) 2 
" per liter. 




Per cent. 


Grams. 


.0003 


0.0 


1.59 


.0244 


7.15 


3.01 


. 0.537 


20.44 


4.51 


.0842 


31. 55 


8.33 


. 1137 


40.95 


14.80 


.1356 


48.70 


16.30 


.2072 


69.20 


35.40 



Mannite. 

Ill mannite solutions also Berthelot 6 has found that the solubil 
ity of lime is increased. The results are given in the following table: 

TABLE LIII. Solubility of lime, in mannite solutions at 5 C. 



Mannite 
per 100 c. c. 
solution. 


CaO per 
100 c.c. 
solution. 


Mannite 
per 100 c.c. 
solution. 


CaO per 

100 c.c. 
solution. 


Grama. 


Gram. 


Grams. 


Gram. 


0.0 


0.1 4S 


1.37 


0.194 


.096 


.154 


1.60 


.207 


.192 


.155 


1.92 


.225 


.96 


.186 


2.40 


.255 


1.09 


.190 


4.80 


.372 


1.20 


.193 


9.60 


.753 



Sugar. 

The use of lime to neutralize the acid employed in the settling 
tanks in sugar factories makes the subject of the solubility of lime 
in sugar solutions one of prime importance. Considerable work has 
been done on this subject and the results are not altogether con 
cordant. Owing to the fact that sugar and lime form addition com 
pounds the quantity of lime added to a given sugar solution should 
be taken into account, as the solid phase resulting contains consid 
erable percentages of sugar. Several formulas have been ascribed 
to the double compound obtained by adding lime to sugar solutions 
at ordinary temperature. Peligot, c Soubeiran^ and Benedikt e have 

aZeit. anorg. Chem., 46, 193 (1905). 

b Ann. Chim. Phys. (3), 46, 173 (1856). 

cAnn. Chim. Phys. (2), 67, 113 (1838); Tempt, rend., 32, 333 (1851). 

^ Jour. Pharm. (3), 1, 469 (1842). 

Ber. deutsch. chem. Ges., 6, 413 (1873). 
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recorded the compound C 1? H M () n .CaO; Soubeiran found another 
compound, 2C lt H n O 11 .3CaO; and P61igot a and Dubrunfaut* have 
recorded the compound C u H,,O,,.3CaO. The last author has also 
determined the ratio of lime to sugar in saturated solutions at differ 
ent temperatures. The molecular ratio of lime to sugar is eight 
times as great at or below as it is at 100 C. P61igot r has deter 
mined the composition of the solid phase in contact with a series of 
solutions in which the sugar content varies from 2.5 to 40 grams of 
sugar per 100 grams of water The composition of the solid phase 
was found to vary continuously from 13.8 per cent to 21.0 per cent 
lime, thus indicating that lime and sugar form a series of solid solu 
tions, of which the above recorded "compounds" are members. 
The so-called solubility of lime in sugar solutions is in fact, then, the 
quantity of lime in the sugar solution, the solid phase being one of 
the above described solid solutions. When these solids are heated 
with water the solutions cloud, as the quantity of lime in hot sugar 
solutions is very much less than in cold solutions. On cooling again 
the solutions clear up. The following results of Lainy show this to 
be the case in 10 per cent sugar solutions. The solubility in water 
at the same temperature has been given, and it will be seen that 
sugar increases the solubility muclumore in cold solutions than it does 
when the solutions are hot. 

TAHI.K I, IV. Solubility of lime in iratcr and in 10 per cent suyar solutions. 





CaO per 




Temper 
ature. 


1,000 grams 
10 per cent 
sugar so 


CaO per 

1,000 grams 
water. 




lution. 


. 


C. 


Gram*. 


Gram*. 


100 


15.5 


ti.O 


70 


23.0 


7.9 


50 


53.0 


9.6 


30 


120.5 


11.7 



In the following table there have been recorded the results of 
Berthelot upon the solubility of lime in various sugar solutions: 

TABI.K LV. Solubility of lime in sugar solution-it at .5 ( . 



Sugar per 
100 c. c. 
solution. 

Gramx. 
0.0 
.096 
.191 
.400 
.960 
1.058 


CaO per 
100 c.c. 
solution. 


Sugar per 
100 c.c. 
solution. 


CaO per 
100 c.c. 
solution. 


Gram. 
0.148 
.154 
.172 
.194 
.264 
.281 


1.200 
1.386 
1.660 
2.000 
2.401 
4.850 


Grams. 
.316 
.326 
.364 
.433 
.484 
1.031 



a Jour. Pharm. (3), 19, 324 (1851). 

& Compt. rend., 82, 498 (1851). 

&lt; Compt. rend., 82, 333 (1851). 

&lt;* See Weisberg. Bui. Soc. Cbim. (3). 23, 740 (1900). 

&lt; Ann. Chim. Phys. (3). 46. 173 (1856). 
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Weisberg has collected the data of several authors upon the solu 
bility of lime in sugar solutions and has calculated the ratio of lime 
to sugar in the solution. Also in the following table are the results 
obtained by using different quantities of lime with which to saturate 
the solutions. In all probability the quantity of lime has caused a 
marked change in the quantity of sugar in the solution by the union 
of lime and sugar in the solid phase. 

TABLE LVI. Solubility of lime in sugar solutions according to various authors. 



Berthelot. Peligot. Petit. 


Schatten. 


Sugar per 
100 c.c. 
solution. 


CaO per 

100 grams 
sugar. 


Sugar per 
100 c.c. 
solution. 


CaO per 

100 grams 
sugar. 


Sugar per 
100 c.c. 
solution. 


CaO per 
100 grams 
sugar. 


Sugar per 
100 c.c. 
solution. 


CaO per 

100 grams 
sugar. 


Grams. 


Grams. 


Grams. 


Grams. 


Grams. 


Grams. 


Grams. 


Grams. 


0.400 


48.50 


2.33 


16.00 


1.71 


16.4 


1 


29.10 


.960 


27.48 


4.64 


18.06 


3. 52 


16.4 


2 


22.70 


1.058 


26.57 


6.97 


20.33 : 4.275 


16.4 


3 


20.95. 


1.386 


23.52 


9.31 


22.10 


6.84 


18.4 


6 


19.66 


1 660 


21.92 


11.39 


22.40 


8.55 


20.5 


g 


20.64 


2.000 


21.65 


13.47 


22.70 


10.40 


25.3 


11 


23.17 


2.401 


20.16 


15.55 


23.00 


17.10 


25.7 


13 


24. 23 


4.850 , 21.15 


17.63 


23.15 


22.80 


27.3 


16 


26. 26 






21.32 


24.69 

















TABLE LVI I. Solubility of lime in sugar solutions according to Weisberg, showing the 
effect of adding lime in varying quantities. 

[T=16 C.] 



CaO in excess. 


CaO in great excess. 


Sugar per 
100 c.c. 
solution. 


CaO per 
100 grams 
sugar. 


Sugar per 
100 c.c. 
solution. 


CaO per 
100 grams 
sugar. 


Grams. 


Grams. 


Grams. 


Grams . 


0.7814 


37.9 


0.625 


71.6 


.912 


32.3 


.964 


53.4 


1.400 


30.5 


2.084 


36.0 


1.693 


28.9 3.028 


32.3 


4.754 


27.7 


3.451 


31.7 


5.73 


27.1 


4.168 


30.2 


10.59 


27.5 


4.880 


28.7 


11.20 


27.2 


5.73 


28.3 


12.50 


27.3 


6.12 


27.4 


13.93 


27.9 


6.25 


27 7 


14.49 


27.5 


6.51 


27.5 


16.41 


28.0 


7.55 


27.9 






8.20 


27.3 



The following table by Weisberg 6 shows the different solubility of 
quicklime, of calcium hydroxide, and of slaked lime. The apparent 
difference may probably be ascribed to the nonattainment of equili 
brium conditions. 



Bul. Soc. Chim. (3), 21, 773 (1899). 
& Bui. Soc. Chim. (3), 23, 740 (1900). 
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to 1 C. 
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Grant. 
13.00 
11.34 
10.30 
9.67 
8.27 
7.64 
6.84 
5.77 
4.73 
3. 95 
3.02 
2.29 


Ca(OH)i. 

CaO per Sugar per CaO per 
100 grams j 100 C. c. imgnims 
sugar. i solution. sugar. 


Ca(OH)t+IIiO. 

Sugar per CaO per 
100 c. c. 100 grams 
solution. sugar. 

Grams. Grams. 


Grams. 
27.75 
27.57 
27.87 
27.61 
27.49 
27. 50 
27. 42 
27.80 
27.90 
27.73 
27.78 
27.93 


Grams. 
13.00 
11.96 
10.87 
9.67 
8.90 
8.06 
6.97 
5.46 
4.52 
3.56 
2.57 
1.85 


Gram*. 
25.40 
25.45 
25.40 
25.00 
24. 74 
24.72 
24.50 
24. 50 
24.23 
23.60 

: 

23.30 


11.18 
10.40 


22.40 




8.68 
7.28 
6.29 
5.22 
4. 03 


22.80 
21.70 
20.90 
20.55 
20.60 


2.91 


20.05 



Finally, Weisberg has compared the solvent action of hot sugar 
solutions on lime with that of cold sugar solutions. 

TAHI.K LIX. Solubility of various samples of lime in hot anil cold suyar solutions. 



CaO. 


Ca(OH),. 


Ca(OH).+HO. 




Ordinary tem 
perature. 

^UJ, CaO 


80 C. 


Ordinary tem 
perature. 


90 C. 


Ordinary tem 
perature. 


90 C. 


Sugar 


pe^OO 


Sugar 


pSSn 


Sugar 


CaO Sll & ar 

grams ^^_ 


CaO 

per 100 
grams 


Sugar 


grams 


tion. 


Grams. 
27.8 
27.6 
27.7 
27.4 
27.8 


tion. 




tion" 


sugar. . 


tion. 


Grams. 
13.68 
10.76 

4.00 ! 
4.43 


Grams. 
10.97 
7.49 
4.58 
2.68 
2.78 


Grams. 
21.18 
16.60 
16.15 
13.59 
8.85 


Grams. 
12.13 
11.59 
9.15 
8.68 


Gramx. 
25.5 i 
26.0 ! 
26.0 
25.5 i 


Grams. 
8.16 
7.12 
5.72 
5.62 


7.50 
6.84 
6.36 
7.67 


j Grams. 

ii.49 
8.85 
5.67 


Grams. 


Grams. 


Grams. 


23.1 
23.1 
23.1 


8.79 
6.29 
3.95 


ii.78 
8.18 
7.65 













GENERAL CONCLUSIONS. 

1. The apparent solubility of lime in aqueous solutions is greatly 
dependent on its origin, and therefore on the impurities it contains. 

2. The solubility of lime at C. is approximately twice its solu 
bility at 100 C. The temperature-solubility curve approximates a 
straight line. 

3. The solubility of lime in dilute solutions of the chlorides of 
sodium, potassium, and ammonium is greater than in pure water. 
The solubility curves for solutions of the chlorides of sodium and 
potassium have maximum points, and in saturated solutions the 
solubility is less than in pure water. 

4. The solubility of lime in very dilute solutions of calcium chloride 
seems to be less than in pure water, but as the concentration increases 
the solubility is raised much above that in pure water, especially at 
higher temperatures. 
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5. At lower temperatures and in the more concentrated solutions 
of calcium chloride the stable solid phase is calcium oxychloride. 

6. The presence of other hydroxides depresses markedly the 
solubility of lime. 

7. The presence of gypsum does not appreciably affect the solu 
bility of lime. 

8. In contact with very dilute solutions of calcium nitrate, lime 
passes into solution as such, the solubility increasing with concentra 
tion of nitrate; at higher concentrations the stable solid is one of a 
series of solid solutions, the content of lime still increasing with 
increase of nitrate ; at still higher concentrations the stable solid is a 
basic nitrate of definite composition, and the concentration of lime in 
solution falls with increase of nitrate; finally, at very high concentra 
tions the neutral nitrate separates as a solid phase. 

9. In solutions of glycerol or mannite the solubility of lime is 
increased markedly with increase of concentration of the carbohydrate. 

10. When lime is brought into contact with sugar solutions the 
ratio of lime to sugar in the solid varies continuously with the com 
position of the solution, and consequently the solid compound result 
ing when lime is added in excess to a sugar solution is one of a series 
of solid solutions. 

11. Cold sugar solutions have a much greater solvent action upon 
lime than have the same solutions when hot. Heating tends to pre 
cipitate one of the solid solutions described above. 

12. The ratio of lime to sugar in solution depends on the tempera 
ture and on the concentration. 

CALCIUM CARBONATE. 
MODIFICATIONS OF CALCIUM CARBONATE. 

The formation of carbonates in nature has been the subject of 
much research by chemical geologists." Two forms of calcium car 
bonate are common, calcite and aragonite, and there seems to be 
good reason for believing that at the higher temperatures and in 
salt solutions aragonite is the stable solid phase. Watson h states that 
above 30 C. aragonite is the stable form of calcium carbonate in the 
presence of solutions of sodium chloride or ammonium chloride. 
Below that temperature, calcite is stable. 

The experiments of Foote c have shown that at ordinary" tempera 
tures calcite is the stable form of calcium carbonate in solutions of 
carbon dioxide and also in mixed solutions of potassium carbonate 
and oxalate. The solubility of calcite is shown by electrical con- 

For a review of the literature see Vater, Zeit. Kryst., 21, 433 (1893). 
b Chem. News, 03, 109 (1891). 
cZeit. phys. Chem., 33, 740 (1900). 
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ductivity to be less than that of aragonite in carbon dioxide solutions. 
The conductivity of solutions saturated with carbon dioxide and 
calcium carbonate, either as calcite or aragonite, was measured at 
different temperatures. The following table gives the ratio of the 
conductivities. 

TABLK LX. /fa/io of conductivity of soliUion*of calfiU and arayonite in water saturated 
irith carbon dio.ride. 

I Tempera- Aragonite 

turv. Ci.lrit. . 



8 1.147 

25 ; 1.130 

41 1.124 

48 1.115 



It is apparent that the solubility of aragonite is higher than that of 
calcite, and therefore that calcite is the stable solid phase under these 
conditions. The ratio is smaller at higher temperatures, indicating 
that the solubility curves are approaching one another, and that at 
some higher temperature aragonite would probably become the sta 
ble phase. The effect of various salts has not been closelv investi 
gated. 

A large amount of chemical work and of speculation has been 
done upon the conditions of the formation of dolomite in nature. 
The theory that dolomite resulted from the action of vapors of vol 
canic origin upon limestone rocks has long since been abandoned. 
All the authorities are now agreed that dolomite has been deposited 
from aqueous solution, either by deposition of the carbonates of 
calcium and magnesium together or by the action of water carrying 
magnesium salts on some form of calcium carbonate. In nearly all 
the experiments upon the artificial formation of dolomite high tem 
perature has been necessary. By heating a solution of magnesium 
sulphate with calcium carbonate in a sealed tube to 200 C. von 
Morlot a has obtained dolomite: Favre 6 used a solution of magnesium 
chloride; Hoppe-Seyler* used a solution ot magnesium sulphate and 
calcium carbonate saturated with carbon dioxide above 100 C., and 
also confirmed the results of von Morlot and of Favre. Hunt d mixed 
equivalent quantities of the chlorides of magnesium and calcium and 
added sodium carbonate to the solution. At high temperature 
dolomite "was formed. In all the above work calcium carbonate in 
the form of calcite was employed. Klement* has investigated the 



" Haidinger s Xatiirwiw. Ahhandl., 1, 305 (1847). 

& Arch. Sri. Phys. et Nat.. 10, 177 (1849). 

cZeit. deutsrh. geol. Gesell., 27. 495 (1875). 

d Am. Jour. Sri. (2), 28, 170, 365 (1859); 42, 49 (1866). 

&lt;Bul. Sue. Beige. Geol., 8, 219 (1894); Tschennaks Mitt., 14, 526 (1895). 
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action of magnesium solutions upon aragonite under various condi 
tions. He finds that at about 60 C. magnesium sulphate in satu 
rated sodium chloride solutions begins to react upon aragonite to 
form dolomite, while under like conditions there is no reaction upon 
calcite. The extent of reaction increases with the time of contact, 
with the temperature, and with the concentration of salt in solution. 
There seems to be a maximum amount of magnesium carbonate in 
the solid for each temperature. At 91 C. 42 per cent of the solid 
is magnesium carbonate. The addition of the sodium chloride is 
equivalent to raising the temperature. In some further experi 
ments coral was employed and was shown to act very similarly to 
aragonite. The final conclusion is that dolomite is formed by the 
action of sea water on aragonite, hot and in concentrated solution. 
Pfaff has shown that dolomite separates from solution saturated 
with common salt, the carbonates of lime and magnesium, and 
carbon dioxide, in the presence of sulphides. The sulphides are 
derived in nature by the action of organic materials upon sulphates. 

HYDRATES OF CALCIUM CARBONATE. 

Rammelsberg found in a river rhomboidal crystals of CaCO 3 .5H 2 O, 
which at 15 C. were dehydrated even under water. Pelouze c has 
obtained the same compound by exposing a solution of lime in sugar 
at a temperature of 7 to 8 C. After some weeks the above com 
pound was formed. At a lower temperature CaCO 3 .6H 2 O was pro 
duced when carbon dioxide was passed into the solution. This same 
precipitate was obtained by passing carbon dioxide into lime water 
at 0, the precipitate being at first flocculent but soon changing to a 
heavy crystalline powder. The crystals change at 30 C. to a semi 
fluid paste, which is a mixture of anhydrous calcium carbonate and 
water, a result which was confirmed by Hunt/ At 20 C. the same 
change occurs, but not so rapidly, and at lower temperatures the salt 
effloresces. At the precipitate formed by mixing solutions of cal 
cium chloride and sodium carbonate becomes crystalline on standing. 
Tschiwinsky considers that the existence of the hydrate CaCo 5 3H 2 O 
has also been established and proposes the name trihydrocalcite. 

SOLUBILITY OF CALCIUM CARBONATE IN WATER. 

The results obtained by various experimenters on the solubility of 
calcium carbonate in water are far from concordant. In aty, likelihood 
this may be ascribed to impurities in the calcium carbonate as, for 
instance, free lime would tend to increase the apparent solubility, if 



a N. Jahresb. f. Min., Beilage Bd. 9, 485 (1894). 

&Ber. deutsch. chem. Ges., 4, 469 (1871). 

cjour. Pharm. (4), 1, 278 (1865). 

d Am. Jour. Sci. (2), 42, 49 (186(5). 

Annuaire g6ol. et mineral. Russie, 8,245 (1906). 
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the calcium in solution was determined. Another reason is probably 
the presence of carbon dioxide in the water used by the early experi 
menters. Whipple and Mayer have more recently pointed out a very 
important source of error which has been almost disregarded by pre 
vious workers. The solubility of the glass vessels in water is some 
times much greater than that of the calcium carl&gt;onate, and these 
authors have tested this point by using glass of various kinds, and have 
found that Bohemian glass gave alkaline solutions which would have 
caused errors in solubility determinations of over 100 per cent. Jena 
glass they have found to be much more resistant to the action of 
water and have used this in their determinations, in which corrections 
have been made for the solubility of the glass vessels. 

TABLE IX.I. Solubility nfrnlnuni carbonate in iratcr according to rnnomt experimenter t. 



CttCOaper 


Tempt- ra 


Observer. 


lite.r. 


tlin 1 . 




Milligram*. 


C C. 




63 




Brandes.a 


42-63 




Buchholz.o 


113 


"(Hot) 


Kresonius.fc 


94 


(Cold) 


Freaenius. 


20 




I tfligot.r 


78 


"is 


Kremers.d 


16 




Binean. 


34 




llotoann./ 


36 




Weltzten.0 


34 




Chevalet.* 


13. 1 


16 


SchlK sing.&lt; 


28.."&gt; 




Anderson J 


27 




Lubavin.* 


10 


S.7 


HollemannJ 


12.5 


23.7 


Mollemann. 


103 


12 


I ollacci.m 


145 i 


100 


I ollawi. 


12.8 


18 


I&gt;&gt; Blanc and Novotny." 


20.7 
13 


9.1 to 100 
20 


\A&lt; Blanc and Novotny. 
\V hippie and Mayer." 



aSec Comer, Dictionary of Chemical Solubilities (1896), 82. 
ft Ann. Chem. 1 harm., 5. 177 (1846). 
rJour. I harm. (3), 19. 324 (1851). 
d Ann. I hys. Chem., 85, 246 (1852). 
t Ann. Chim. I hys. (3). 51, 290 (1857). 
/Jour. Chem. Soc., 4. 381 (1852). 
V Ann. Chem.. 186, 165 (1865). 

Bui. mens. de In soc. chim. de Paris. Aug. 1868, p. 90: abstr. in Zeit. HUH!. Chem.. H, 91 (I860). 
&lt;Compt. rend.. 74. l.V&gt;2 (1872). 
/ I roc. Roy. Soc. Edinburgh. IB. 319 (1889). 

* Jour. Russ. Chom. Soc., 24, 389 (1892); abstr. in Jour. Chem. Six-., 4 II. 373 (1893). 
Zeit. phys. Chem.. 12. 125 (1893). 

m L Orosi, 19. 217 (IWI6); abstr. in Jour. Chem. Six-.. 72 II. 260 (1897). 
"Zeit. anorg. Chem.. 51. 181 (1906). 
oJour. Infectious Diseases, Suppl. No. 2. 151 (1906). 

SOLUBILITY OF CALCIUM CARBONATE IN AQUEOUS SOLUTIONS. 
Carbon dioxide. 

It was shown by Vogel" as early as 1814 that when carbon dioxide 
is passed into lime water all the lime dissolves and when the solution 
is heated calcium carbonate precipitates. Upon the addition of 
carbon dioxide to the solution again the precipitate redissolves. The 
experiments by Irving 1 indicate that heat is evolved both when 



"Hul. Phariu.. &lt;, 258(1814). 



bChem. NVws. 3, 192 (1891). 
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the carbonate is being precipitated from lime water and also when the 
excess of carbon dioxide is redissolving the precipitate. The solu 
bility of calcium carbonate in carbon dioxide solutions has been de 
termined by many investigators and the early results are not at all 
concordant. The following table contains the results obtained by the 
various observers: 

TABLE LXII. Solubility of calcium carbonate in water carrying carbon dioxide. 



CaCO 3 per liter. 


Temper 
ature. 


Observer. 


Grams. 


C. 




0.7003 





Lassaigne.o 


.8803 


10 


Lassaigne. 


.6700 




Bergmann.6 

Bischof.c 


2. 800 (pure lime) . . . 
2.500 




Bischof. 
Marchand.& 


l.Otol.5 




Struve.* 


3.0 




Caro.b 


1.165 to 2.305 




Boutron and Boudet.d 


11.9X42 


12 


Warington.* 


1.13 to 1.17 


15 


Treadwoll and Renter./ 


1.30 to 1.31 


13. 2 


Treadwell and Reuter. 


1.43 


28 


Treadwell and Reuter. 



a Jour. Chim. Med. (3), 4. 312 (1848). 

bSee Caro, Inaug.-Diss., Jena (1873); Arch. Pharm. (3), 4. 145 (1874). 

cSee Treadwell and Renter, Zeit. anorg. Chem., 17. 170 (1898). 

dJour. Pharm. (3), 26. 16 (1854). 

&lt; Jour. Chem. Soc., 19. 296 (1866). 

/Zeit. anorg. Chem., 17, 170 (1898). 

The above results show that the solubility depends very largely 
upon the purity of the original material. The solubility of calcium 
carbonate in water containing carbon dioxide is quite similar in kind 
to the solubility of dicalcium phosphate in phosphoric acid. Just as 
the amount of dicalcium phosphate in phosphoric acid solutions 
increases with increasing concentrations of acid, so the amount of 
calcium carbonate in carbon dioxide solutions increases with increas 
ing amounts of carbon dioxide. The difference between the two 
cases is that in one instance the solid phase changes above certain con 
centrations of the acid in solution while in the case of the carbonate no 
carbonate other than CaCO 3 has been recorded. The results of 
Schloesing 6 on the solubility of calcium carbonate in carbonic acid 
solutions at 16 C. are as follows: 



a See Bui. No. 41, Bureau of Soils, U. S. Dept. Agr. (1907). 
b Compt. rend., 74, 1552 (1872). 
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[\\RLK LXIII. Solubility of calcium carbonate in water containing carbon dioxide at 
various /xirtial pressures at HP (\ 



Pressure 
CO,. 


COipcr liter. 


CaCO 3 per 
liter. 


\tmosiihrrr. Milligram*. 


Milligram/t. 


0.000504 i t.9&lt;i 


74. t&gt; 


. OOOSO* 7 2. \ \ 


85.0 


.0033 


123.0 


137 2 


.013N7 


21H. 3i 


223^1 


. 0282 


310. 4 


2%. 5 


.08006 


408.5 


*W.O 


.1422 




533. 


. 2538 


"i, o72. 2"" 


&lt;WJ. 4 


. 41t&gt;7 


\ , 500. 5 


787.5 


.5533 


1,846.3 


885.5 


7207 


2,209.3 


972. 


.9841 


2,8tM.2 l,0si. 



In a later paper" Schloesinj: Has shown that the equation ]&gt; m = ky 
describes tlie results. In the equation y&gt; is the pressure of (T) 2 , y is the 
iiinount of bicarbonate in solution, i. e.. tlie amount of CaO calculated 
as CalljCCO.,),, and m and // are constants. 

The empyrical formula of Schloesing has been modified by van t 
IIoff b to the form &lt; \ ~ =-- KC\, where C\ is the concentration of cal 
cium bicarbonate and ( ., is the concentration of carbon dioxide, which 
in turn is proportional to the partial pressure of the pis. The coeffi 
cient 2.50 is known as the "activity coefficient," and is shown to vary 
with the dilution and at very extreme dilution equals o. Bodlander c 
has calculated the dissociation constants at different dilutions and has 
recalculated Schloesin&lt;; s results by a new formula, which describes 
the facts quite satisfactorily. 

Where j&gt; is the pressure in atmospheres and y is the quantity of cal 
cium bicarbonate in grains, the values of the constants are in =0.3787 
and A- = 0.9213. Knjjel lias determined the solubility of calcium car 
bonate at pressures greater than 1 atmosphere and has found that 
the formula proposed by Schloesing describes the conditions up to G 
atmospheres, which was the highest pressure at which he worked. 



TAIU.K LXIV. Solubility of calcium carbonate in u:ati 
higher pressures. 



dioj-ide at 



Pressure 
CO,. 



CaCOj per OuCOj per 
liUT, ob- , liter, caicu- 
served. . lated. 



Atmotpherts. Milligrams. 

1 1,079 

2 1,403 
4 1,820 
r. 2.109 



Milligrams. 
1.0S5 
1,4)1 
1,834 
2, 139 



oCompt. rend.. 7. , 70 (1872K 

& Vorlesunnen iilx-r theoretische und phystkalische Cherak-. I. 149. 

&lt; Zett. phys. Chem., UA. 2. ! (1900). 

JCompt. rend., 101, 949 (1885): Ann. Chim. Phys. (6). IS, 344 U888). 
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Treadwell and Reuter have also determined the solubility of cal 
cium carbonate in solutions of carbon dioxide at temperatures 10 to 
14 C. (average 12), with the following results: 

TABLE LXV. Solubility of calcium carbonate, in various solutions of carbon 
dioxide in water. 



Pressure of 
C0 2 . 


CO 2 per 100 
c. c. 


CaH 2 (C0 3 )s 
per 100 c. c. 


Milligrams. 


Milligrams. 


Milligrams. 


67.9 


157. 4 


187.2 


45.9 


86.3 


175.5 


41.4 


52.8 


159.7 


16. 6 48. 5 


154. 


14.4 34.7 


149.2 


13.1 


24.3 


133.1 


6.0 14.5 


124.9 


3.1 4.7 


82.1 


1.9 2.9 


59.5 


.6 




40.2 



The quantity of various samples of calcium carbonate which sea 
water would dissolve under various pressures has been determined by 
Reid. 6 In all the experiments the water contained about 1 gram of 
carbon dioxide per liter and the time of contact of the water and car 
bonate was 30 to 60 minutes. 

TABLE LXVI. Solubility of calcium carbonate in water containing carbon dioxide. 



Material. 


CO 2 per 
liter sea 
water. 


Pressure. 


Temper 
ature. 


CaC0 3 

per liter. 




Grams. 


Tons. 


C. 


Gram. 




1.0071 


4 12.0 


0.0906 




1.0494 


4 12.0 .1486 




1.0523 


4 


9.0 .1191 


Globigerina oozol I 


1.0203 
1.0102 


4 
(1 atm.) 


9.0 
12.2 


.1080 
.0568 






1.0744 


(1 atm.) 


10.0 


.0572 




1.0777 


2 8.3 


.0999 




1.0275 


8.6 


.0761 


Globigorina ooze II 


.0688 
.0001 


(1 atm.) 


8.8 
15.0 


.0997 
.0236 




.0039 


(1 atm.) 


13.2 


.0270 





.0664 


4 


8.8 


.1398 




.0115 


4 


8.8 


.1011 


Coral sand I 1 


.0405 


(1 atm.) 


11.6 


.0429 




. 0069 


(1 atm.) 


10.5 


.0418 


Coral sand II 


.9666 
.0596 
\ .0738 


(1 atm.) 
(1 atm.) 


12.2 
9.1 
9.0 


.0407 
.1220 
.0391 


Pteropods 


.0779 
. 0557 


4 

(1 atm.) 


8.3 
11.0 


.1098 
. 0516 






.0307 


4 


8.3 


.0371 




. 9865 


4 


9.0 


.0132 


Crystalline 


.9845 
.0410 


(1 atm.) 


10.0 
12.2 


.0102 
.0082 




.0513 




12.2 .0050 




.0440 




13. 1 


.0034 




. 0532 




14.7 


.0048 


Ground crystals 


1.0536 




12.6 ! -0322 



The author draws the conclusion that "the amount of carbonate of 
lime dissolved at a pressure of 4 tons per square inch is so much greater 
than the amount dissolved at the ordinary pressure that I think it 

a Zeit. anorg. Chem., 17, 170 (1898). 6 Proc. Roy. Soc. Edinburgh, 15, 151 (1888). 
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unifies the conclusion that the effect of pressure is to increase the 
Dte of solution .... It is to he noted that, although these results 
n iv indicate that the solution of carbonate of lime in carbonic-acid 
\ iter is more rapid under high pressures, it by no means follows 
1 at the solubility is greater than at the ordinary pressure (ceteris 
K ribus)." 

S&lt; dium hydroxide and carbonate. 

In the process of manufacture of caustic alkali from alkaline carbon- 
e and lime the relative solubility of lime and of calcium carbonate 
solutions of the alkalies and alkaline carbonates is an important 
nctor in determining the equilibrium conditions. The caustification 
-odium carbonate would be represented by the reaction, 



his is a four-component system, water being the fourth component, 
id consequently when the temperature is fixed there may be five 
lases at some definite concentration. There may be four phases 

v*cr a range of conditions, i. e., the system is univariant. Several 
[ cperimenters have found the equilibrium conditions where there are 
t!ie two solid phases calcium hydroxide and calcium carbonate 
I quid and vapor. 

The presence of the reaction product, caustic soda, in solution 
i epresses very greatly the solubility of calcium hydroxide, and conse- 
( uently is one factor tending to bring the reaction to a standstill, 
Inference has already been made" to the results of d Anselme on the 

- )lul)ility of lime in solutions of caustic soda. 

As the solubility of calcium carbonate in sodium hydroxide solu- 
t .ons has been found to be less than in pure water, for dilute solutions 
if the alkali, this fact would tend to cause the reaction to go to the 
light, i. e., toward the formation of calcium carbonate and sodium 
hydroxide. The following results by I^e Blanc and Xovotny b give the 
:&gt;lubility of calcium carbonate in these solutions: 

TABLK LXVII. Solubility of calcium carbonate in solutions of sodium hydroxide. 



NaOH per 
Hte, 


CaCO, per liter. 
80 C. j 95 to 100 C. 

Milligram*. Millifframt. 
12. S 20. 7 
8. 7 9. 6 
4.2 6. 9 
4.3 5.7 


Qram. 
0.0 
.004 
.01 

.4 



OZe t. unorg. Chern., il. 181 (1908). 
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The equilibrium conditions have been found experimentally by 
Lunge and Schmid, by Bodlander and Lucas, 6 and by Le Blanc and 
Novotny, c all of whom have shown that the change from sodium 
carbonate to sodium hydroxide is much more complete in dilut 
solutions than in concentrated solutions. For instance, the last- 
named authors have determined the composition of the two sodiu.: 
compounds present in the solution after an excess of lime has V*^ 
added to varying solutions of sodium carbonate. At 100 C., w &gt;l H-&lt; 
normal solution was used, about 99 per cent of the sodium was p 
as sodium hydroxide, while when a 3-normal (3X) solution was 
93.6 per cent was present as hydroxide. 

A recently published paper by Wegscheider d contains an invest) 
tion of the nature of the solids formed when calcium carbonati 
mixed with solutions of sodium carbonate. Above certain concentra 
tions it was found that a double compound of sodium and calcium 
carbonate was formed, CaCO 3 .Na 3 CO 3 .5H 2 O at 11 C., while at and 
above 40 C. the double compound was of the composition CaCO 3 . 
Xa 2 CO 3 . 2II^O. The following table gives the composition of the 
"constant" solutions at various temperatures, the concentration 
with regard to calcium carbonate being too small for determination: 

TABLE LXVIII. The "constant" solutions at various temperatures in the system, 
Xa. 2 C0 3 , CaCO. A , II. ,0. 



Temper- 
ture. 



Solid phases 



C. \ 

11 j CaCO 3 ; CaCO; t .N*n 2 CO 3 .. r )II 2 O 

40 I CaCO 3 ; CaCO 3 . Na..( () : ,.2l ! 2 

00 i do... 

80 1 do 



Concentration of solution.! 



0.8(1 normal Na 2 CO 3 . 

.... 2.14 normal Na 2 CO 3 . 

3.77 normal NaCO. 

.. 4.34 



The same author has also published results upon the equilibria 
obtaining when free caustic soda is present in the solution. 

TABLE LXIX. Solid phases at different concentrations and temperatures in the system, 

3 , NaOH, CaC0 3 . ///&gt;. 



Temper- 
ture. 


Solid phases. 


Concentrati 
Na 2 C0 3 . 


on of solution 
NaOH. 


60 


CaCO s ; CaCO 3 .Na 2 CO 3 .2H 2 () 


1.8 normal. .. 


2.0 normal. 


(iO 


do 


3.7 normal . .. 


. 1. 3 normal. 


80 




1.9 normal. 




80 


do 


3.3 normal... 


2.0 normal. 



a Bcr. deutsch. chem. Ges., 18, 3286 (1885). 

bZeit. Elektrochem.. 11, 186 (1905); Zeit. angew. Them., 1H, \\: .~ (1905). 

cLoc. cit. 

&lt;i Ann. Chem., 351, 87 (1907). 
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ium chloride. 

,!ibavin u has recorded the following qualitative result: 100 parts 
s-ilutioii of sodium chloride (2.535 per cent) dissolves 0.0037 part 

calculated as CaO, or 0.0053 part calc-spar. 
?he following experiments Cantoni and Goguelia* have deter- 
he quantity of calcium carbonate in solutions of sodium chlo- 
;er the solution had stood in contact with solid calcium car- 
f for DS days at room temperature (12 to 18 C.). 

* TABLK LXX. -Solubility of calcium carbonate in sodium chloride. 

. [Tinif &lt;&gt;f contat-t, 9S days, at 12 to 18 C.] 



NuCl in 
solution. 



Prr cent. 
5.85 
10.00 

20.no 



CaCO, 

p-r liter. 



Gram. 

0. 0497 
.0563 
. 0713 



111 the following experiments by Cameron. Bell, and Robinson r 
irixm dioxide was carefully excluded by using distilled water 
hich had been boiled for some time before the solutions were made, 
his was necessary, for carbon dioxide, even at a partial vapor pressure 
qual to that in the ordinary air, is capable of producing a great 
icrease in the solubility in sodium chloride solutions. 

AHI.K LXX I. --Solubility of calcium carbonate in sodium rhloridf solutions free from 
carbon dio.ride at 23. 



&gt;ro 


CaCOj in 


" Wbiin.Bjo. 


100 prams 

mo. 




Gram. 


1.0079 


1.601 


0.0079 


1.0314 


5.177 


.0086 


1.0466 


9.25 


.0094 


1.0734 11.4s 


.0104 


1.0944 


] ( , |^; 


.0106 


1.1346 


22 . 04 


.0115 


1. 1794 


30.50 


.0119 



odium, chloride and carbon dioxide. 

In the following tables are given the results of Tread well and 
teuter, d upon the solubility of calcium carbonate in water containing 
&gt; grams of sodium chloride per liter and containing various quantities 
&gt;f carbon dioxide. 

" Jour. Russ. Phya. Them. Sor., 24, 389 (1892); abstr. in Jour. ( hem. Soc., 64 ii. 373 

OBu!. Soc. ( hem. (3), 33, 13 (.1905). 
Jour. Phys. Chem., 11, 396 (1907). 
dZeit. anorg. Chem., 17, 170 (1898). 
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TABLE LXXII. Solubility of calcium carbonate in various solutions of carbon dioxide 
in sodium chloride solution (% per cent). 



Pressure of 
C0 2 . 


CO 2 per 
100 c.c. 


CaHi(COi), 
per 100 c. c. 


Millimeters. 
123.8 


Milligrams. 
132.5 


Milligrams. 
218.4 


78.2 


110.1 


149.2 


4ti. 1 


23.5 


149.2 


24.0 


12.5 


118.3 


3.8 


8.7 


73.9 


3.4 


.3 


49.0 



By comparison with Table LXV it is apparent that the quantity 
both of free carbon dioxide and of calcium bicarbonate is less in salt 
solution than in pure water. 

The following results are quoted from the work of Cameron and 
Seidell upon the solubility of calcium carbonate in solutions of 
sodium chloride, the partial pressure of carbon dioxide in the vapor 
phase being that of ordinary air. 

TABLE LXXI1I. Solubility of calcium carbonate in aqueous solutions of sodium chloride 
at 25 C. in equilibrium with atmospheric air. 





Calcium in so 


NaCl per 
liter. 


lution, calcu 
lated as 
CalI 2 C0 3 per 




liter. 


Grams. 


Gram. 


0.0 


0. 1040 


9.72 


.1770 


21.01 


.2051 


30.30 


.2152 


50.62 


.2252 


69.37 


.2212 


98.4 


. 2172 


147.4 


.1971 


234.5 


.1509 


262.3 


.1227 



Table LXXIV gives the results where the pressure of the vapor 
phase, which consisted entirely of carbon dioxide and water vapor, 
was one atmosphere. This was attained by saturating the solutions 
with carbon dioxide at a lower temperature than 25 C. and removing 
the stopper of the bottles at intervals to allow the excess of the gas to 
escape after the bottles had been brought to the temperature of the 
experiment. 



a Bui. No. 18, Division of Soils, U. S. Dept. Agr. (1901), p. 58; Jour. Phys. Chem., 0, 
50 (1902). 
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LXXIV. Solubility of coin urn carbonate in sodium chloride solutions saturated 
unth carbon dioxide at 25 ( . and one atmospfure pressure. 



25 o NaCI in CaCO.in 



27T 



1.0129 



1.0501 
1.0759 
1.1015 
1.1240 
1.1789 
1.1957 



Grams. 
1.45 
5.09 

r..48 

1 1 . 00 
15 83 
19.02 

29.89 
35. S3 



11,0. 



Gram. 
0. 150 
.160 
.173 
.174 
.172 
.159 
.123 



Jodiuni sulphate. 

The following experiments were similar to those in Table LXXI, 
xcept that sodium sulphale was used instead of sodium chloride. 

r.\BLK LXXV. -Solubility of calcium carbonate in sodium sulphate solutions free from 
carbon tlio.ride at ^5 f. 



Dens ty ~ t 


NajSO, in 
100 grams 
WHtnr. 


CaCO, in 
100 crams 
If,0. 




Gram. 


1.00*1 




0.97 


. 0.0151 


1.0101 




1.65 


.0180 


1.0363 




4.90 


. 0202 


. 10S4 




12.. 09 


.0313 


. 1200 






.0322 


. 1539 




19.38 


.0340 


1. 1615 




21.02 


.0343 


.1837 




23.90 


.0300 



Sodium sulphate and carbon dioxide. 

FABLE LXXVI. Solubility of calcium carbonate in aqueous solutions of sodium sul 
phate at 24 C . in equilibrium with atmospheric air. 



Total ralriiim 


Calcium actu- 


NajSO.pcr Camilla 


iillv dissolved. 


litor. 


CaHj(C0 3 )2 asCaH,(CO,), 
por liter. p&lt;^r liter. 






Grams. 


0.0 


0. 092.i 


0.0925 


2.800 


.1488 


3.235 


. 1729 


. 1729 


11.73 


.233 


.221 


36.86 


.324 


.302 


74.01 


.39 &gt; 


.344 


116.2 


.4.W 


.366 


184.2 


.394 


213.7 .591 




255.9 .665 





In the last table the results show that the solutions contained not 
mly the bicarbonate but the normal carbonate of calcium as well, 
md that with increasing quantities of sodium sulphate the quantity 
&gt;f &lt;-alcium carbonate increased also. 
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Sodium chloride in the presence of gypsum as solid phase. 

It will bo observed by comparison of Tables LXXIII and LXXVII 
that the presence of calcium sulphate in solution depresses the solu 
bility of calcium carbonate, as might be expected in the case of a salt 
in solution with a common ion. In both these tables the solubility of 
calcium carbonate passes through a maximum. 

In the following table are given the results of experiments by 
Cameron and Seidell" upon the solubility of gypsum and calcium 
carbonate in sodium chloride solutions, both gypsum and the carbon 
ate being present as solid phases, and the solution being in equi 
librium with the atmospheric air. 

TABLE LXXVII. Solubility of calcium carbonate in aqueous solutions of sodium 
chloride, in contact with solid gypsum, in equilibrium uith atmospheric air. 



CaSO 4 per ; CaHj(CO 3 )s 
liter. ; per liter. 


NaCl per 
liter. 


Grama. Gram. 


Grams. 


1.9298 0.0003 


0.0 


2.720 ! .0724 


3.628 


3. 446 


.0885 


11.49 


5. 156 


. 1006 


39.82 


0.424 


.0603 


79.52 


5.272 


.05&3 


121.9 


4.786 


.0482 


193.8 


4.462 


.0402 


267.6 



Sodium chloride and sulphate. 

An excess of solid calcium carbonate was added to solutions con 
taining varying quantities of sodium chloride and sodium sulphate, 
and after three months at 25 C., with frequent shaking, the solutions 
were analyzed. Table LXXVIII gives the data obtained in this 
work. 

TABLE LXXVIII. Solubility of calcium carbonate in mixed solutions of sodium 
chloride and sodium sulphate at 25 C. 



9-0 

Density ~ 


NaC 
100 c. f. 


in- Na 2 S0 4 in 

100 grams 100 100 grams 
11,0. 00c C - H 2 0. 


CaC0 3 in 
100 grams 
ffsO. 




Grama. 


Grams. \ Grams. 


Grams. 


Gram. 


1.2185 


0.00 


0.00 26.90 


28.48 


0.0239 


1.2113 


1.90 


2. 08 24. 83 


26.47 


.0192 


1.2115 


6.43 


6.93 21.67 


23.36 


.0137 


1.2380 


10.00 


10.78 19.82 


21.37 


.0134 


1.2378 


10.07 


10.89 19.39 


20. 98 


.0137 


1.2427 


14.62 


16.07 18.24 


20.07 


.0119 


1.2570 


17.16 


19. 18 18. 43 


20.74 


.0110 


1.2435 


23.90 


26.60 11.30 


12.58 


.0044 


1.2442 


27.30 


31.15 ! 8.79 10.00 


. 0040 


1.2434 


27.43 


31.52 8.88 10.20 


.0041 


1.2270 


28.32 


32.17 6.74 


7.65 


.0043 


1.2122 


30.38 ! 34.87 2.08 2.35 


.0037 


1.2020 


31.52 I 35.70 ! 0.00 


0.00 


.0036 



i Bui. No. 18, Division of Soils, U. S. Dept. Agr. (1901), p. 53. 
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Those figures are in accord with the results of Cameron and Seidell, 
showing that calcium carbonate is more soluble in a saturated 
-odium sulphate solution than in one saturated with sodium chloride, 
t will be observed that as the concentration of sodium chloride in 
solution increases, the quantity of calcium carbonate decreases. 
The concentrations with respect to sodium chloride and sulphate are 
&gt;latted in figure 4. It has been found also that the presence of 
calcium carbonate in these small amounts has not appreciably 
iffected the solubility of the more soluble chloride and sulphate of 
tedium. 

In all these solutions calcium carbonate was the solid phase, and 
jot a double compound. If a double compound of two calcium salts 
md been formed there 
vould have been so- 
iium carbonate in so 
lution which woidd 
liave caused the solu 
tions to show a decid- 
d alkaline reaction. 
As the solutions were 
init very faintly, if at 
ill, alkaline, no such 
.hange could have 
aken place. Further, 
f a double carbonate 
lad resulted, the solu- 
ion would have been 
ich in calcium salts 
md as the solution car- 
led verv little lime. 




Fio. 4. Solubility curves in tho ystom 

sodium chlorido, and water Ht 25 



lphute. 



it is apparent that such a change d 



not 



Owing to the very slight solubility of calcium carbonate in solutions 
nf sodium chloride and sodium sulphate, it was expected that the 
presence of a salt (CaSO 4 ) with a common ion would depress this 
-olubility even more. By the same procedure as was described in the 
preceding paragraph it was demonstrated that calcium carbonate 
MII lei-went no change in these solutions. 

"ABI.R I, XXIX. Solubility of calcium sulphate ami calcium carbonate in tnurd solu 
tions of sodium chloride and sodium sulphate at 25 ( . 





NaCl in- 


NaS0 4 in 


lOOg HtO contains 




| 100 r.c. 


"JET 


100 c.c. 
Gram*. 


lOO^an,. 


CaSO 


C*O.J 
Gram. 


Gram*. 


Gram*. 


Grams. 


Gram. 


1.2109 


2.76 


2.94 


23.78 


25.35 


0.2290 


O.OlKt 


1.2113 


5.52 


5.93 


21.97 


23.39 


.1992 


.0155 


1.2442 


2*. 12 32. 18 


8.52 


9.50 


.0301 


.0065 
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Sodium chloride and sodium sulphate with carbon dioxide. 

The variance of the system sodium sulphate, sodium chloride, 
calcium sulphate, calcium carbonate, and water saturated with 
carbon dioxide is not increased over that of the preceding system by 
the addition of the new component carbon dioxide, if at the same 
time the further condition is imposed, that the pressure of the vapor 
phase equals atmospheric pressure. In this case a field will represent 
solutions in contact with two solid phases; a boundary line, solutions 
in contact with three solid phases. "Constant" solutions will be in 
equilibrium with four solid phases. 

For the experimental work on this system solutions saturated with 
either sodium sulphate or sodium chloride were put in contact with an 
excess of calcium carbonate, and the several solutions were saturated 
with carbon dioxide by passing the gas under pressure into the solu 
tions at a low temperature. The bottles were then shaken at constant 
temperature, 25 C., and frequently unstoppered so that the pressure 
of the vapor phase was finally the atmospheric pressure. In all cases 
solid calcium sulphate, either as gypsum or a double sulphate, was 
found. Table LXXX gives the analytical data obtained for this 
system : 

TABLE LXXX. Solubility of mixtures of calcium sulphate and calcium carbonate in 
mixed solutions of sodium chloride and sodium sulphate saturated with carbon dioxide at 
atmospheric pressure, at 25 C. 



Density ^ 


NaCl in- Na 2 SO&lt; in- 


Calcium as 
calcium oxide 
in 100 grams 
H 2 0. 


100 c. c. 10 H g 2 r amS 100 c. c. 


100 grams 
11,0. 




Grams. 


Grams. 


Grams. 


Grams. 


Gram. 


.2158 


0.00 


0.00 


25.86 


27.12 


0. 1430 


.2142 


2.02 


2.13 


24.23 


25.52 i .1212 


.2109 


4.00 


4.28 


22.81 


24.22 


.1148 


.2143 


6.00 


7.03 


21.61 


23.10 


.1069 


.2248 


9 98 


10.77 


19.53 


21.09 


.0812 


.2224 


9.95 


10.75 i 19.73 


21.32 


.0826 


.2281 


11.31 


12.31 


19.15 


20.84 


.0726 


.2388 


13.78 


15.50 


18.72 


20.59 


.0673 


. 2590 


18.67 


20.40 


19.80 


21.61 




.2554 


18.80 


21.04 16.81 


18.81 


.0358 


.2332 


21.46 


23.81 , 11.61 


12.88 




.2474 


27.78 


. 31. 70 


8.70 


9.92 


""."oiss" 


.2429 


28.47 


32.73 ! 5.56 


6.26 


.0291 


.2135 


30.50 


34.48 2.20 


2.49 


.0484 


.1957 


31.14 


35.46 ! 0.00 


0.00 


.0490 



In figure 5 the points A, B, C,D represent the " constant " solutions 
in the simple case where sodium sulphate and sodium chloride only 
are in solution. Upon the addition of calcium carbonate and calcium 
sulphate the points are displaced somewhat, the new positions being 
represented by A , B , C , D . This figure has been distorted some 
what to magnify some of the differences which if drawn to scale 
would not be recognizable. The quantity of lime salts in solution at 
these points is also widely different and this has been indicated by the 
width of the strip A B CD D C B A , the points B and B and the 



C ALCIUM CAItltnN VTK IX A^ll^oi S Si &gt;l . I I M i NS. 



51 



I oints C and (", respectively, being close together. It has been found 
I hat over a certain range of concentrations, represented in the dia 
gram by the field B (" F /% gypsum is not the stable salt of calcium 
I ut a double sulphate of calcium and sodium, 3Xa,S(),.2( 1 aS() 4 . Thus 
!\&gt;r every field there are two stable solid phases, one of which, calcium 
arbonate, exists over the whole figure. The other solid phases are 
odium sulphate decahydrate, anhydrous sodium sulphate, sodium 
hloride, double sulphate, and gypsum for the fields marked 1 , 2, 3, 4, 
ml o, respectively. 




NoCl per IOO yroms H 2 O 

Kio.5. -Diagram showing the solubility of calcium carbonate in solutions containing sodium 
chloride and sulphatf, saturated with carbon dioxide at 25 ( . 

LXXXI. Data for constant solutions in the system sodium chloride, todium 
sulphate, calcium sulphate, calcium carbonate, carbon dioxide, and water at 25 C. 



Grams in 100 grams HO. 



1 Mil*. 


NaCl. | NaiS0 4 . 


CaO. 


OUIIU 1I1HM4 &gt;. 


A... 


0.00 


27.12 





XatSO 4 .10JI|O, CaSO 4 .2Hj(), and CaCOj. 


E.... 


15.50 


20.59 


.0673 


NajSO 4 .10HjO,CaSO,.2H,0,CaCO,,and 










2CaSO 4 .3Na8O 4 . 


B.... 


20.40 


21.61 


.0360 


XaSO 4 .10lliO, CaCOi, 2CaSO 4 .3XujSO, 










and NujSO 4 . 


C.... 


31.70 




.0183 


CaCO, XaCl, 2CaSO 4 .3Xa^O 4 , and 


F.... 


32.73 




.0291 


CaCOi NaCl, 2CaSO&lt;.3Xa^SO 4&gt; and 


D... 


35.46 


0.00 


.. 


CaS0 4 .2HK). 
CaCOi, NaCl, and CaSO 4 .2II^&gt;. 
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Potassium chloride. 

Cantoni and Goguelia" have determined the solubility of calcium 
carbonate in solutions of potassium chloride as follows : 

TABLE LXXXII. Solubility of calcium carbonate in potassium chloride. 
[Time of contract, 98 days at 12-18 C.] 



KC1 in so 
lution. 


CaOOsper 

liter. 


Per cent. 
7.45 
10.0 
20.0 


Gram. 
0. 0748 
.0742 
.0828 



It will be observed on comparison with Table LXX that potassium 
chloride has a greater solvent action on calcium carbonate than sodium 
chloride. 

The following table contains results recently obtained in this labo 
ratory : 

TABLE LXXXIII. Solubility of calcium carbonate in aqueous solutions of potassium 
chloride at 25 C. 



25 
Density 25 o- 


KC1 in solu 
tion. 


CaCO 3 in so 
lution. 




Per cent. 


Per cent. 


.000 


0.00 


0.0013 


.024 


3.90 


.0078 


.046 


7.23 


.0078 


.072 


11. 10 


.0070 


.092 


13.82 


.0072 


. 101 


15.49 


.0076 


.122 


18.21 


.0070 


.133 


19.84 


.0072 


.170 


20.00 


.0000 



Potassium chloride and carbon dioxide. 

The following table shows that the solubility of calcium carbonate 
in solutions of increasing content of potassium chloride passes 
through a maximum when the solutions are saturated with carbon 
dioxide : 

TABLE LXXXIV. Solubility of calcium carbonate in aqueous solutions of potassium 
chloride saturated with carbon dioxide at atmospheric pressure at 25 C. 



KClinso- CaCOs in 
lution. i solution. 



3.90 
7.23 
11.10 
13.82 
15.49 
18.21 
19.84 
26.00 



0.145 
.150 
.166 
.165 
.167 
.154 
.140 
.126 



oBul. Soc. Chim. (3), 33, 13 (1905). 
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I otassium sulphate. 

The following table contains results obtained in this laboratory on 
the solubility of calcium carbonate in solutions of potassium sul- 
l.hiite at 25 "C.: 

ABLE I, XXXV. - -Solubility of calcium carbonate in wjueous solution* of potassium 
sulphate at 2.5 ( . 



j.v 
Densit&gt; jj. 



K*so 4 iu&o- CaCOjinso- 



! rr rrnt. Percent. \ 

1.010 1.00 0.0104 

1 021 ; 3.15 .Ollti 

1.033 4.73 .0132 

1.048 ti.06 .0148 i 

1. 081 7.85 .0108 

1.0C9 8.88 "r. -J 

1.083 10.18 .0192 

1.084 10.48 .0188 



?otasium sulphate and carbon dioxide. 

When calcium carbonate dissolves in water carrying carbonic acid 
ind potassium sulphate there is formed in the metathetical reac- 
ion calcium sulphate. There is enough potassium sulphate and 
;alcium sulphate in solution to exceed the solubility of syngenite 
(K 2 SO 4 .CaSO 4 . HgO) and consequently above a certain concentration 
rf potassium sulphate, syngenite is the stable solid and not calcium 
carbonate, ;dl of which passes into solution. The following table 
gives the percentages of sulphuric acid and lime in solution for various 
points on the calcium carbonate and syngenite curves: 

TAHI.K LXXXVI. Solubility of calcium carbonate in anurous solutions of potassium 
sulphate saturated with carbon dioxide at atmospheric pressure at ^.5 ( . 

SO 3 in so- CaO in so 
lution, lution. 



Per cent. 
0.0 ! 

.69 : 
1.37 I 
1.07 
2.18 i 
2. 99 



Per cent. 
0.062 
.69 
.60 

.47 
.30 
.24 



Sodium and potassium salts in general. 

The precipitation of calcium carbonate in the cold is retarded or 
prevented by solutions of the alkali salts, chloride, sulphate, nitrate, 
carbonate, citrate, and phosphate," if the solutions are not too con 
centrated. According to Dulong the alkali sulphates, phosphates, 
phosphites, ami arsenates decompose calcium carbonate on boiling. 

"Storer, Am. Jour. Sci. (2), .",. . 41 (1858); Dulong, Ann. ( him.. ti2, 273 (1812 1; 
Spiller, Jour. Chem. Soc., 10, 110 (1858); Kippenberger, Zeit. aiiurg. ( hem., , 177 
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Sea water. 

In a paper upon the action of sea water upon lime carbonate 
Irvine and Young a have included results to show that the solubility 
of amorphous calcium carbonate in sea water was much greater than 
that of crystalline calcium carbonate. One part of amorphous cal 
cium carbonate dissolves in 1,600 parts of sea water, while 8,000 parts 
of sea water are required to dissolve one part of crystalline calcium 
carbonate. 

The following table contains the results of Anderson b upon the 
relative solubilities of various forms of calcium carbonate in distilled 
water, in sea water, and in water saturated with carbon dioxide at 
10 to 15 C. 

TABLE LXXXVII. Solubility of carbonate of lime in distilled water, in sea water, and 
in solution saturated with C0 . 





Distilled water. 


Sea water. 


Water saturated 
with C0 2 . 


CaCOs per ,. CaCOs per 
liter. imo - j liter. 


Time. 

f Tours. 

47 
120 
396 

47 
120 

396 
96 


Camper 


Time. 


Calc-spar, massive. . . 
Do 
Do 


Gram. Hours. 
0.0147 120 


Gram. 
0. 0075 
.0046 
.0000 

""."6682" 
.0052 
.0000 
.0237 

.6100 


Gram. 

"" o. osio 

.1285 
.2036 
.4720 


Hours. 

24 

24 
24 
24 


Granular 
Fine ground 


""."0251 46" 

". 0285 96 
.2480 


Do.. 
Do 
Coral 


Amorphous CaCO 3 








The table shows that upon long standing in contact with the 
solvent the calcium carbonate in solution decreases, indicating the 
formation of a less soluble modification of calcium carbonate. It is 
also shown that the rate at which the solid is dissolved is increased 
by grinding the solid to a powder. 

The solubility of calcium carbonate in an artificial sea water has 
been determined by Cohen and Raken c by agitating the mixture 
with a current of air. After 8 days at 15 C., 53.94 milligrams CaCO 3 
were found in one liter, and after 17 days 57.27 milligrams CaCO 3 
per liter. 

Ammonium, salts. 

The presence of ammonium salts tends to hold calcium carbonate 
in solution, even in the case of the carbonate of ammonium which 
might be expected to cause complete precipitation of calcium car 
bonate. The solubility of calcium carbonate has been shown to be 

Proc. Roy. Soc. Edinburgh, 15, 316 (1888). 
bProc. Roy. Soc. Edinburgh, 16, 319 (1889). 

cProc. K. Akad. Wetensch. Amsterdam, 3, 63 (1900); abstr. in Jour. Chem. Soc., 
72 ii, 725 (1900). 
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ncreased in the presence of the chloride, carbonate, sulphate, nitrate, 
icetate, and succinate of ammonium. Bertram! has given the 
amounts of different ammonium salts which are required to hold in 
solution 1 gram of calcium carbonate, viz, 13.98 grains ammonium 
chloride, 8. 38 grains ammonium sulphate, and 14.44 grams ammo 
nium nitrate, hut the absolute concentrations are not given. When 
the solution of calcium carbonate in ammonium chloride is heated to 
boiling there is decomposition with the formation of ammonia and 
carbon dioxide. The same decomposition has been shown in the 
case of the other ammonium salts, sulphate, sulphite, phosphate, 
phosphite, and oxalate/ On cooling the solutions of calcium car 
bonate in ammonium salts, the solid carbonate crystallizes out. 

Calcium and magnesium salts. 

Calcium carbonate is soluble in dilute solutions of calcium and 
magnesium sulphates and chlorides. According to Hunt a solution 
containing 3 or 4 grams of magnesium sulphate per liter will dissolve 
over 1 gram of calcium carbonate. It is also soluble in calcium 
sucrate/ 

When calcium acetate solution is added to potassium carbonate 
solution, the precipitate is not calcium carbonate, but a double car 
bonate of calcium and potassium, CaK,(CO 3 ) 2 / 

The action of water carrying carbon dioxide and the chloride of 
lime or magnesia upon various lime alga 1 has been investigated by 
Vesterberg.0 In the presence of sodium chloride relatively more 
magnesia is dissolved than in the presence of calcium chloride or in 
the presence of magnesium chloride. 
Other compounds. 

Compounds which give acid solutions, such as stannic chloride 
and the chloride or nitrate of iron, aluminum or chromium, dissolve 
calcium carbonate with the evolution of carbon dioxide. As the 
acidity is reduced the hydroxide or oxide is precipitated. Calcium 
carbonate is not acted upon by concentrated nitric acid, A for it becomes 
coated with calcium nitrate, which is insoluble in the concentrated 
acid. Upon the addition of water, however, a brisk action begins. 



WittsU-in, Report. Pharm. (2), 7, 18 (1836); Smith, Phil. Mag. (3), 9, 542 (1836); 
Brett, Phil. Mag.(3), 10, 95 (1837); Wackenroder, Ann. Chcm. Pharm.. 41, 315 (1842); 
Fresenius, Ann. Chem. Pharm., 59, 117 (1846); Storer, Am. Jour. Sri. (2). 25, 41 
(1858); Bertrand, Monk. Sci. (3), 10, 477 (1880). 

& Domarcay, Ann. Chim. (2), 55, 398 (1834); Schrieb, Zeit. angew. Chem., 2, 211 
(1889); Canton! and Goguelia. Bui. Soc. Chim. (3), 81, 282 (1904); 33, 13 (1905). 

Dulong, Ann. Chim.. 82. 273 (1812). 

&lt;* Couste, Compt. rend., 85, 186 (1852); Hunt, Am. Jour. Sci. (2), 26, 109 (1858). 

Barreswill, Jour. Pharm. (3), 19, 330 (1851). 

/Reynolds, Jour. Chem. Soc., 78, 262 (1898). 

g Bui. Gool. Inst. Upsala. 5, 97 (1900); 6, 254 (1903). 

* Barreawill, Jour. Pharm. (3), 8, 290 (1843). 
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The rate at which calcium carbonate in the form of Iceland spar 
is dissolved by acids has been shown by Spring " to bo independent of 
the chemical nature of inorganic acids whose calcium salts are soluble. 
It was also proved that the velocity depended upon the surface 
exposed, and that at low temperatures the rate was proportional to 
the concentration of the acid. 

In solutions of hydrochloric and nitric acids in absolute ethyl 
alcohol, calcium carbonate is readily attacked, but not by solutions 
of sulphuric acid. 6 The same results have been found for solutions 
of these acids in the other organic solvents, acetone and methyl 
alcohol. 6 The addition of water to the sulphuric acid mixture 
causes the reaction to be very much accelerated. Acetic acid acts 
similarly to sulphuric acid. In all these cases the occurrence of 
chemical reaction depends on the solubility or insolubility of the 
calcium salt of the acid in the solvent employed. 

GENERAL CONCLUSION S. 

1. Calcite is the stable form of calcium carbonate at ordinary 
temperatures. In concentrated salt solutions or at the higher con 
centrations, aragonite is probably the stable phase. 

2. Regarding the formation of natural dolomite, the literature 
affords no satisfactory explanation. High temperatures and con 
centrated solution seem to be necessary for its formation. 

3. At the low temperatures calcium carbonate forms a hydrate 
with five molecules of water of crystallization. 

4. The results upon the solubility of calcium carbonate in water 
are very discordant, but there is good authority for the generalization 
that it is more soluble in hot water than in cold. 

5. The solubility of calcium carbonate in water containing carbon 
dioxide increases as the quantity of carbon dioxide in solution 
increases. 

6. The solubility of calcium carbonate is depressed by the addition 
of caustic soda to the solution. 

7. The trustification of sodium carbonate by lime is more com 
plete in dilute solution. 

8. Calcium carbonate forms with sodium carbonate two double 
compounds, whose stability depends on the temperature and the 
concentration of the solution with which they are in contact. 

9. The solubility of calcium carbonate is increased by addition of 
sodium chloride or of sodium sulpjiate. 

"Bui. Acad. Roy. Belg. (3), 14, 725 (1887); Bui. Soc. China. (3), 3, 177 (1890). 
bCarette, Thesis, Lille, 1900. See Vallee, Compt. rend., 132, 677 (1901). 
c Vallee, Loc. cit. 
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10. When the pressure of carhon dioxide is one atmosphere, the 
soluhility of calcium carbonate passes through a maximum upon 
increasing the concentration of sodium chloride in solution, both in 
the presence and absence of gypsum. When increasing quantities 
of sodium sulphate are added, however, the solubility of the carbonate 
constantly increases. 

1 1 . The solubility of calcium carbonate at 25 C. is about six times 
as great in a saturated solution of sodium sulphate as in a saturated 
solution of sodium chloride. 

12. When certain solutions containing sodium sulphate and chloride; 
are saturated with carbon dioxide in the presence of calcium carbonate 
a new solid phase appears, 2CaSO,.. iXa.,S() 4 . 

i:&gt;. When the pressure of carbon dioxide is one atmosphere, the 
solubility of calcium carbonate passes through a maximum upon 
increasing the concentration of potassium chloride or sulphate in 
solution. 

14. In the presence of sea water the crystalline modification of 
calcium carbonate is more stable than the amorphous form. 

15. In general the presence of ammonium salts in solution increases 
the solubility of calcium carbonate. On heating, carbon dioxide and 
ammonia escape. 

16. Calcium and magnesium salts have a solvent action upon cal 
cium carbonate. 

17. Salt solutions which have an acid reaction tend to dissolve cal 
cium carbonate. 

is. Calcium carbonate is soluble in strong acids, whose lime salts 
are soluble in the strong acid. 

MAGNESIA. 
SOLUBILITY OF MACNKSIA IN WATER. 

The wide variations between the results of the various observers have 
been attributed by Whipple and Mayer to two causes the solvent 
action of carbon dioxide dissolved from the air and the action of water 
upon the glass vessels in which the solutions were contained. Water 
reacts with many kinds of glass, dissolving the bases; and as some of 
the determinations were made by estimating the alkalinity of the 
solution, this quantity of alkali dissolved from the glass walls intro 
duced very large errors. To these two causes of discrepancy might be 
added a third probable source of error. The presence of very minute 
quantities of impurities in the magnesia, such as lime, would introduce 
comparatively large errors into the determinations of the solubility of 
magnesia. The following table gives the results of the various 
observers. 
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TABLE LXXXVIII. Solubility of magnesium, hydroxide in water. 
iter Per Temperature. Observer. 



Milligrams. C. 

250 15 j Fyfe.i 

250 15 I Henry." 

26 (Hot and cold.) Fresenius.c 

5-10 (Cold.) Bineau.d 

9 18 Kohlrausch and Hose. 

8 18 \ Duprv and Hialas./ 

12 22 I Whipple and Mayer? 



n Cited by Henry, Jour Pharni., i:j, 1 (1827). 

bJour. Pharm., 13, 1 (1827). 

cAnn. ( hem. Pharm., 59. 117 (1847). 

rfCompt. rend., 41, 510 (1855). 

Zeit. phys. Them., 12, 241 (1893). 

/Zeit. angew. Chem., 16, 54 (1903). 

Jour. Infectious Diseases, Suppl. No. 2, 151 (1906). 

SOLUBILITY OF MAGNESIA IN AQUEOUS SOLUTIONS. 

The solubility of magnesia is given by Precht as 16 milligrams per 
liter in water containing potash. The presence of ammonium salts 
increases the solubility of magnesia, even in the presence of free 
ammonia. 6 When warm solutions of ammonium salts are decom 
posed by magnesia, ammonia is evolved. Sodium and potassium 
salts act similarly in their solvent action on magnesia but to a far lesser 
degree. Maigret d has recently investigated the solubility of magne 
sia in a sodium chloride solution containing sodium hydroxide and 
shows that the presence of the free base reduces the solubility. 

TABLE LXXXIX. Solubility of magnesia in solutions of sodium chloride containing 
sodium hydroxide. 



NaCl per 
liter. 


MgO per liter. 


With 0.8 
gram NaOII 
per liter. 


With 4.0 
grams NaOH 
per liter. 


Grams. 
125 
140 
160 


Gram. 
0.07 

.045 
.0 


Gram. 
0.03 
.0 




The solubility of magnesia is. increased by glucose. 6 Bernard ana 
Ehrmann have, however, used the insolubility of magnesia in sugar 
solutions as a means of separating lime and magnesia. The following 

a Zeit. anal. Chem., 18, 439 (1879). 

&Warington, Jour. Chem. Soc., 18,27 (1865); Loven, Zeit. anorg. Chem., 11, 404 
(1896); Treadwell, Zeit. anorg. Chem., 37, 326 (1903); Herz and Muhs, Zeit. anorg. 
Chem., 38, 138 (1904). 

cWarington, Jour. Chem. Soc., 18, 27 (1865). 

&lt;*Bul. Soc. Chim. (3), 33, 631 (1905). 

Fleury, Jour. Pharm. (4), 28, 400 (1878). 

/Compt. rend., 83, 1239 (1876). 
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table of Her/, and Muhs gives the solubility of magnesium hydroxide 
in solutions containing ammonium salts: 

TABLE XC. Solubility of magnesia tn ammonium salt solutions at 29 ( . 

Ml, a ! Mg(OHn i NIINO Mg(OH&gt;, 
per liter. per liter, j per liter. , per liter. ; 

Gram*. . Gram*. \ Grams. Gram*. , 
4.13 I 1.43 ! 6.09 1.45 



5.67 
9.21 
13.39 

20. 86 



1.86 
2.60 
3.15 
4.55 



2.43 



When recently ignited magnesia is added to a concentrated solu 
tion of magnesium chloride a very thick mass is formed which accord 
ing to Sorel 6 is composed of an oxychloride of magnesium. Bender 
has given it the formula MgCl s .5MgO.17H,O, Davis d the formula 
MgCl r 5MgO.13H 5 O, and Krause &lt; the formula Mg01 2 .H)MgO.14lI 2 O 
when dried at 110, and MgCl r l()MgO.lXH,() when air dried. 
Andrei has found the heat of formation of the following oxychlorides, 
MgCl,.Mg().16lI 2 O, MgClg.MgO.GHA MgCl,.10MgO. 1.311,0, and 
MgCl,.l()Mg().16lI,(). The following crystalline basic bromides of 
magnesium have been prepared by Tassilly,* 7 MgBr 2 .3Mg().12lI 2 O, 
MgBr,.3MgO.6H,O. 

GENERAL CONCLUSIONS. 

1. The various determinations of the solubility of magnesia in 
water are not in accord. The modern writers, however, agree that 
this solubility is about 10 milligrams per liter at 20 C. 

2. The solubility of magnesia is augmented by various salts, includ 
ing magnesium salts, but is depressed by caustic alkalies. 

3. Several basic chlorides and bromides of magnesium have been 
recorded in the literature, and are obtained by adding magnesia to a 
solution of the chloride or bromide of magnesium. 

MAGNESIUM CARBONATE. 
MODIFICATIONS AND HYDRATES OF MAGNESIUM CARBONATE. 

The mineral magnesite is probably insoluble in water h and is not 
affected by boiling with water or aqueous solutions of alkaline carbo 
nates. Artificial magnesium carbonate has been prepared by Kngel 

" Zeit. anorg. Chem., 88, 140 (1904). 

l&gt; Compt. rend., 65, 102 (1867). 

c Ann. Chem. Pharm., 159, 341 (1871). 

* Chem. News, 25, 258 (1872). 

* Ann. Chem. Pharm., 165, 38 (1873). 
/Compt. rend., 94, 444 (1882). 

Compt. rend., 125, 605 (1897); Bui. Soc. Chim. (3&gt;, H. 964 (1897). 

* See Davis, Jour. Soc-. Chem. Ind., 26, 788 (1906). 
Compt. rund., 129, 598 (1899). 
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by heating to 130 C. the double carbonate of magnesium and am 
monium. This anhydrous magnesium carbonate "slakes" in moist 
air, being easily converted into the hydrated form MgCO ;j .3H 2 O. On 
account of its behavior when heated Davis has given it the formula 
(MgOH)(IICO 3 ).2H 2 O, 2 molecules of water being lost when the 
compound is heated to 95 or 100 C., at which temperature the 
substance becomes constant in weight as soon as the composition 
MgCO 3 .H 2 O or (MgOH)(HCO 3 ) is reached. At 125 C. the rate of 
change is very much more rapid. This same change can be brought 
about by heating the compound (MgOH) (HCO 3 ).2H 2 O with xylene, 
the water- which is liberated being removed as fast as it is formed 
and consequently hydrolysis of the salt can not ensue. 

By heating the above compound with water, however, a product 
is obtained of widely varying composition, depending upon the time 
and upon the temperature. The product has been considered as a 
basic carbonate of magnesium. Davis, however, by a microscopical 
examination has proved that it is in all cases a mixture of two solid 
phases and not a single. compound. As the dehydration of the com 
pound (MgOH)(HCO. ( ).2H 2 O requires considerable time and as the 
equilibrium between the compound (MgOII) (HCO 3 ) and the hydrox 
ide of magnesium is reached but slowly, the solid residue was found 
to consist of two and often three solid phases, indicating that equilib 
rium had not been attained. The two reactions may be written: 
(MgOH) (HCO 3 ).2H 2 = (MgOH) (HCO,) + 2H 8 O, 
(MgOH)(IICO 3 ) =Mg(OH) 8 + C0 2 . 

The solid phases consisted of the two hydrates of magnesium car 
bonate and of magnesium hydroxide. 

When a magnesium salt is precipitated by means of a solution of an 
alkaline carbonate, a basic carbonate, or a double carbonate may 
first be formed, but experiments by Berzelius, Fritsche, 6 Favre, c 
Jacquelain, d and Rose e have proved that upon standing for several 
days the precipitate becomes crystalline and corresponds to the 
formula MgCO 3 .3H 2 O. Kippenberge^ has ascribed the formula 
MgCO 3 .yH 2 O to this compound and Marignac^ and Damour A have 
obtained MgCO 3 .4H 2 O. 

&lt;* Ann. Chim. Phys. (2), 14, 363 (1820). 
bAnn. Phys. Chem., 37, 304 (1836). 
cAnn. Chim. Phys. (3), 10, 474 (1844). 
dAnn. Chim. Phys. (3), 32, 195 (1851). 
Ann. Phys. Chem., 84, 461 (1851). 
/Zeit. anorg. Chem., 0, 177 (1894). 
0Compt. rend., 42, 288 (1856). 
^Compt. rend., 44, 561 (1857). 
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DOUBLE CARBONATES CONTAINING MAGNESIUM CARBONATE. 

When carbon dioxide is passed into a suspension of magnesia to 
saturation the solution contains 10.7 grams of magnesia (MgO) in 
one liter and when an equal volume of 05 per cent alcohol is added a 
precipitate of magnesium carbonate forms, MgCX) 3 .3lI 2 O. a 

By mixing solutions of a soluble magnesium salt with a solution 
of an alkaline carbonate various compounds have been obtained: 6 
K,a) 3 .MgCO 3 .4lI 2 O, KHCO 3 .MgCO 3 .8HA Xa,CO 3 .MgCO 3 , and 
Na^CO.jMgCOj.loIIjO. Kippenberger c has shown that the precipi 
tate obtained by mixing sodium carbonate and magnesium sulphate 
in equimolecular proportions is soluble in the alkaline bicarbonates. 
After several hours, however, the hydra ted magnesium carbonate 
separates in large crystals and the quantity of magnesium carbonate 
in. solution decreases after several days. Freshly precipitated mag 
nesium carbonate is soluble in magnesium chloride and in magnesium 
sulphate solutions. 

The double carbonates of sodium and magnesium undergo decom 
position upon heating in water, sodium carbonate passing into solu 
tion and the solid residue consisting of a mixture of magnesium 
hydroxide and carbonate. d It is difficult, however, to remove the 
last traces of the alkali from the solid, even by boiling, and in order to 
obtain pure magnesium carbonate Davis has dissolved the solid 
residue in water saturated with carbon dioxide and then boiled off 
the carbon dioxide, leaving a residue free from traces of sodium salts. 

SOLUBILITY OF MAGNESIUM CARBONATE IN AQUEOUS SOLUTIONS. 

Carbon dioxide. 

Owing to the slow transformation of one modification into another, 
the solubility of magnesium carbonate in water and in aqueous 
solutions depends upon the source of the solid employed and on the 
time of contact. Engel e has given the results of Beckurts and of 
Bineau, who undoubtedly worked with widely different samples and 
under different conditions. One liter of water saturated with carbon 
dioxide dissolves 1.31 grams magnesium carbonate according to 
Wagner and Merckel, 8.39 grams according to Beckurts, and 23.3 
grains according to Bineau. The following table gives the results of 
Wagner and Merckel/ who found the effect of increasing the quantity 
of carbon dioxide in solution: 

" Monhaupt, Chem. Z&lt;?it., 28, 808 (1904;. 

t&gt;See Graham-Otto, Lehrhuch anorg. Chem., 5th tln., Ill, 730-753. 

t- Zeit. anorg. Chem., 6, 177 (1894). 

d Davis, lex-, cit. 

Ann. ( him. Phys. (,(&gt;), 13, 344 (1888). 

/Jour, prakt. Cht-rn., 102, 233 (1867). 
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TABLE XCI. Solubility of magnesium carbonate in water saturated with carbon dioxide 

at 5 C. 



Pressure. 


MgC0 3 per 
liter. 


Atmo 


spheres. Grams. 
I 1.31 




o 


1.34 




3 


7.46 




4 


9.03 




5 


9.09 




6 


13.15 



Engel and Ville a have also found that by increasing the pressure 
of the carbon dioxide and by decreasing the temperature the quantity 
of magnesium carbonate in solution increased. 

TABLE XCII. Solubility of magnesium carbonate in water saturated with carbon 
dioxide at various pressures (Engel and Ville). 



Pressure. 


MgCO* 
per liter. 


Pressure. 


MgC0 3 
per liter. 


Atmos 




Atmos 




pheres. 


Grams. 
25.79 


pheres. 
0.5 


Grams. 
20.5 


2.1 


33.11 


1 


26.5 


3.2 


37.30 


1.5 


31.0 


4.7 


43.50 


2 


34.0 


5.6 


46.20 


2.5 


36.4 


6.2 


48.50 


3 


39.0 


7.5 


51. 20 


4 


42.8 


9.0 


56.59 


6 


50.6 



TABLE XCIII. Solubility of magnesium carbonate in water saturated with carbon 
dioxide at various temperatures. Pressure 1 atmosphere (Engel and Ville). 



! Tempera- MgCO 3 
ture. per liter. 



13.4 
19.5 
29.3 
46.0 
62.0 
70.0 
82.0 
90.0 
100.0 



Grams. 
28.45 
25.79 
21.95 
15.7 
10.35 
8.1 
4.9 
2.4 
0.0 



TABLE XCIV. Solubility of magnesium carbonate in water saturated with carbon dioxide 
at various temperatures. Pressure = 1 atmosphere (Engel). 



Tempera- MgCOj per 
ture. liter. 



C. I Grams. 
3.5 1 36.5 

12.0 26.5 



18.0 
22.0 
30.0 
40.0 
50.0 



22.1 
20.0 
15.8 
11.8 
9.5 



aCompt. rend., 03, 340 (1881); see also Engel, Compt. rend., 100, 444 (1885); Ann. Chim. Phys. (6), 
13, 344 (1888). 
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Bodliinder a has attempted to obtain a formula of the same form as 
i mt derived to express the solubility of calcium carbonate in water 
r mtaining carbon dioxide, but has found it necessary to assume the 
resence of ions in solution of the form (MgCX).,) n MgOII. 

Finally. Treadwell and Reuter b have shown that at the lower 
oncent rations there is less carbon dioxide in solution than corresponds 
to the formula MgII,(CO 3 ) 2 , a conclusion which has been confirmed 
i&gt;v Rinne. r These results are shown in the following table: 

ABLE XCV. Solubility of magnesium carbonate in water containing carbon dioxide at 
13 to 15 C. (average, 14 C.}. 



Partial pres 
sure of CO,. 


CO, per 100 * ,&lt; C C C &gt; 
c.c. solution. ^,^ n c - 


M 
100 c. c. 
solution. 


Mtilimetrr*. 
143.3 
41 6 


./ illii/rn m *. Milligra m . . 
119.0 1,210.5 
86 6 1 10 a 


Milligrams. 


33.8 
11.7 
10.3 
8.2 
4 7 


3.5 I 1,210.5 
! 1.076.6 
762.9 
595.2 
366 3 


""TI . Z" 

76.5 
- 
70 1 


4.6 
2.5 
1.6 
1.1 
0.3 


341.7 
263.2 
; 222.9 
216.9 



75.8 
74.8 
77.1 
71.0 
71.1 




196 


68.5 
70 2 




203.6 
195. 4 


61 6 




195.4 


64.1 




1 





Rhine d has boiled a solution of magnesium carbonate in water 
containing carbon dioxide for several hours, and found that the 
quantity of magnesia in solution constantly decreased. 

Sodium chloride. 

The solubility of magnesium carbonate in various aqueous solutions 
of sodium salts has been recorded by Cameron and Seidell/ 

TABLE XCVI. Solubility of magnesium carbonate in solutions of sodium chloride free of 
carbon dioxide. 



WlMplit of 

liter solu 
tion. 


NaCl 
per liter. 


MgCO, 
per liter. 


Gram*. 


Grams. 


Gram. 


996. 92 d.O 


0.176 


1.016.82 


28.0 


.418 


1,041.09 


59.5 


.527 


:.o??.v) 


106.3 


.585 


..094.53 


147.4 


.544 


,112.48 


.460 


1,170.14 J7 


1,199.28 , 331.4 .293 



"Zoit. phys. Them., 85. 23 (1900). 
6Zoit. anorg. Chem., 17. 170 (1898). 
fCheni. Zelt., 81, 125 (1907). 



hem., 7. 



64 



ACTION OF AQUEOUS SOLUTIONS ON CARBONATES. 



Sodium chloride and carbon dioxide. 

TABLE XCVII. Solubility of magnesium carbonate in solutions of sodium chloride 
saturated with atmospheric air at 25 C. 



NaCl per Mg(HCO 3 ) 
liter. per liter. 



Grams. 
7.0 
56.5 
119.7 
163.9 
224.8 
306.6 



(tnii us. 
30.64 
30. 18 

24^96 
20. 78 
10.75 



Sodium sulphate. 

TABLE XCVIII. Solubility of magnesium carbonate in solutions of sodium sulphate 
free of carbon dioxide. 





24 C. 




35 C. 




Weight of 
liter solu 
tion. 


Na 2 SO&lt; 
per liter. 


MgCOa S sofT 
per liter. ^^ 


Na 2 SO&lt; 
per liter. 


MgCOi 

per liter. 


Grams. 


Grams. 


Grams. Grams. 


Grams. 




997.52 


0.0 


0.216 995.15 


0.32 


0.131 


. ,021.24 


25. 12 


.586 :,032.89 


41.84 


.577 


,047.60 


54.76 


.828 ,067.23 


81.84 


.753 


:,080.95 


95.68 


1.020 ,094.77 


116.56 


.904 


, 133. 85 


160. 80 


1.230 ,120.38 


148.56 


.962 


,157.34 


191.90 


1.280 ,151.70 


186.7 


1 047 


,206.03 


254. 60 


1.338 ,179.82 


224.0 


1.088 


,223.91 


278.50 


1.338 ,196.32 


247.2 


1.110 


,241.99 


305. 10 


1.388 ,236.52 


299.2 


1.130 



GENERAL CONCLUSIONS. 

1. Magnesium carbonate forms several hydrates, each of which 
is stable within limits of concentration and temperature. 

2. Magnesium carbonate forms several double compounds with 
the alkali carbonates. 

3. The solubility of magnesium carbonate is greatly increased 
by the addition of carbon dioxide to the solution, the solubility being 
less at the higher temperatures. 

4. The solubility of magnesium carbonate passes through a maxi 
mum as the concentration of sodium chloride increases, but in the 
presence of carbon dioxide this solubility is depressed by addition of 
sodium chloride. 

5. The solubility in solutions of sodium sulphate is increased by 
increasing the concentration of the latter. 
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MOISTURE CONTENT AND PHYSICAL CONDITION OF SOILS. 



INTRODUCTION. 

Tt is generally recognized that the physical properties of a soil 
determining crop adaptation and growth are moisture supply, aera 
tion, temperature, texture and structure, and " physical condition." 
Under these heads fall practically all physical investigations on the 
soil. Of course " physical condition " is by far the most important 
in practice, because it is the one factor directly under the control 
of the agriculturist, such control of the others as may lie possible 
l&gt;eing usually but incidental to control of the last. Everyone who 
has had any experience can judge with comparative readiness as to 
whether a soil is in good or poor physical condition. But apparently 
no two observers will agree entirely as to the basis of their judg 
ments. It is said that a soil in good physical condition must be 
loose, friable, loamy, have a crumb structure, work well, have a " live " 
look, etc., properties which are sufficiently definite to be recognized 
readily, but which are not susceptible of exact measurement and 
quantitative expression. Tt is evident that a comparison of soils as 
to their physical condition is mainly a matter of individual judg 
ment, subject to the limitations and errors of a personal equation; 
and while physical condition is the most readily under practical 
control, paradoxical as it ma4 r seem, it is the most difficult of soil 
properties to study. This is localise the concept or idea of " physi 
cal condition v is a summation of a number of properties rather than 
any one property, and because no satisfactory method of measuring 
this sum has yet been devised. Nevertheless, much can be done to 
advance our knowledge of this important subject by studies in the 
Held and, especially, in the laboratory. 

In the present bulletin are given the results of an investigation on 
the relation of physical condition to moisture content, in which the 
soils were put into different states with different amounts of water 
present and then subjected to various physical tests yielding meas 
urable results. In this work the judgment of several experienced 
greenhouse men was available for determining the physical condition 
of the samples before and after the several measurements were made. 
It has been found that the physical condition of the soil is connected 
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in the most intimate way with its water content. Not only is this 
true of its general behavior and appearance, its workability," etc., 
but systematic quantitative measurements on penetrability, volume 
changes, apparent specific gravity, and rate of evaporation showed a 
direct dependence on the water content. All these properties varied 
regularly with regular change in the water content when the sample 
was in the best possible physical condition obtainable with any given 
water content. 

One particular water content has been given special consideration. 
It is perfectly Avell known to agriculturists generally and greenhouse 
men especially that there is a particular water content (or perhaps a 
more or less narrow range of water content) ditFering with each soil 
at which plants grow best, other conditions being the same. This is 
popularly known as the " optimum " water content, and is supposed 
to be that content from which plants draw most readily their needed 
supply ; in other words, the. optimum water content is supposed to be 
determined by the physiological necessities of the plant rather than 
by the physical properties of the soil. There are difficulties, however, 
for which this view fails to offer sufficient and satisfactory explana 
tion. Plants can do quite well in soils containing considerably less 
than the optimum water content, other conditions being favorable. 
That is to say, there is no decided or sharp falling off in the plant 
growth corresponding w r ith a lowering of the water content until the 
drought limit is approached, a limit generally much below the 
" optimum ; " and, on the other hand, there is no especial difficulty in 
carrying some of our common crops to a satisfactory maturity in 
water cultures. The investigation described in the following pages 
shows conclusively not only that physical condition and the several 
properties on which it depends have an intimate relation with the 
water content of the soil, but that there is marked accentuation in 
these properties at a critical water content ; and that this critical con 
tent is identical with the optimum w r ater content. The moisture- 
penetration curve shows a minimum force required for penetration a! 
the optimum water content; the moisture-apparent specific gravity 
curve shows a minimum point at the optimum water content; the 
curves for evaporation show a marked difference in the rate of evapo 
ration above and below the optimum water content. It is apparent, 
therefore, that the true significance of optimum water content is that 
particular content at which the soil can be put into the best possible 
condition for plant growth. . The plant can then best draw its needed 
water from the soil because all the other factors making for good 
growth are also at their best. Moreover, an increase in water content 
in excess of the optimum generally produces a greater detrimental 
effect on the plant than a decrease below the optimum. 
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Furthermore, it should be borne in mind that practical men in 
bringing a soil to optimum water content judge when this point is 
reached by the appearance and " feel " of the soil ; i. e., by the phys 
ical condition into which it can be brought, and not directly by any 
plant phenomenon. There is a widespread impression that the opti 
mum water content for any one soil varies for different plants. That 
is. the phyitioloyical optimum, as determined by the plant, may not 
coincide with the physical optimum, as determined by the soil proper 
ties. While this may be true for certain exceptional cases, it is erro 
neous as regards the majority of common field crops, since the water 
content that makes for the best physical condition of the soil is as a 
necessary consequence the l&gt;est for plant growth. Other evidence 
from experiments on wilting will be given in detail in support of this 
view. The available evidence seems to be conclusive that the problem 
of water supply and optimum water content is fundamentally a soil 
problem and incidentally a plant problem. 

Another point which this investigation has brought out in a strik 
ing way is the " hysteresis " observable in the volume change when a 
soil is alternately wetted and dried out. This process results in a 
natural packing of the soil and is seriously detrimental to the mainte 
nance of good tilth if the extremes of moisture content reached are 
wide apart. The causes for and mechanism of this process have been 
made clear by the experiments here recorded. 

The importance in general farming of having a proper moisture 
content in the soil before plowing or other cultural operations is well 
known, although not always so well observed. It is regrettably com 
mon to find cases where the soil has been worked while too dry, and 
even more so are the cases where a soil has been worked while too 
wet, entailing disastrous results, requiring even years for rectifica 
tion. These latter are the most baffling cases which the soil expert 
encounters. 

The usual practice in irrigation gardening and greenhouse work of 
adding an excessive amount of water, so as to l&gt;e on the " safe side, 
is far from the ideal soil management, and the working out of a Ix tter 
and at the same time an economical system of maintaining the water 
content constant, or approximately so, should l&gt;e the aim of practical 
workers in these fields. It is believed that the data brought out in 
this bulletin will be of material assistance in understanding the phe 
nomena involved in these difficult practical problems and in devising 
methods for the treatment and amelioration of lands which have been 
improperly handled. 

In the course of this investigation a number of special methods 
and forms of apparatus were devised which it is believed will have a 
value not only for future investigation, but as a desirable part of the 
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equipment of a laboratory for student work. It has been deemed 
well, therefore, to give quite complete and detailed descriptions, and 
to this end the methods and apparatus are described and illustrated in 
a special chapter at the end of the bulletin, and only brief references 
to them are given in the text describing the investigations. 

PENETRATION AND COHESION. 
PREVIOUS WOBK. 

A property of the soil of recognized agricultural importance is 
cohesion, or the force with which the soil particles cling one to an 
other. The previous work on penetration has been usually incidental 
to investigations of cohesion. This property has been studied because 
it is a determining factor of the ease of tillage and because it gives 
a measure of the physical condition of the soil and its variation under 
different treatments. In these studies two methods have been em 
ployed. In the one the crushing strength of cylinders of soil has been 
taken as a measure of the binding together, or cohesion, of the soil 
particles ; in the other the " firmness " of the soil, which is due to 
its cohesion, has been determined by the resistance offered to the in 
troduction of a sharp instrument. These latter investigations have 
been regarded of especial value in showing the relative resistance of 
different types of soils to tillage and root penetration. 

Volker " applied the penetration method to actual measurements in 
the field, without, however, obtaining definite results. A penetration 
method w y as used by Meyer b in which four pegs fastened to the 
corners of a square were forced a definite distance into the soil by 
weights placed on the square surface. The crushing method was used 
in an investigation by Schiibler, 1 " who molded damp samples of soil 
into rectangular prisms. The samples were then either allowed to 
dry in the form or were removed while still damp and dried in the 
air or at a high temperature. The apparatus used to determine the 
crushing strength of the samples consisted of a beam supported on 
a fulcrum about one-third the distance from one end. On the long , 
arm of this lever was hung a scale pan to which weights could be 
added gradually. At the opposite end of the beam was a counterpoise 
that balanced the scale pan and beam. On the long arm, a short 
distance from the fulcrum, a blade was fastened, free to move in the 
vertical plane of the beam. The dried soil sample was placed under 
this blade and weights added to the scale pan until the soil was 
either cut or crushed by the knife. The weight added w r as taken to 

iNeue Moglinische Annalen der Landwlrtschaft, 4, 119 (1818) ; ref. in Puch- 
ner, Forsch. auf dem Geb. Agr.-Phys., 12, 196 (1889). 

&Anlage zur Flora des Kb nigreichs Hannover (Gottingen), 307 (1822). 
c Grimdsatze der Agrikulturcueniie, Leipzig, 2, 74 (1838). 
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represent the cohesion of the soil. The highest absolute cohesion 
value, that for pun- clay, was taken as 100 and the other measurements 
compared with this. The series of relative values obtained for the 
different soils is shown in Table I. 



I ll re ( 
Clay w 

KlTIll. 

Harm 
Jura - 


Col 


Soil. HOi 

pa 

C 

lav i kaolin) 


lesion 1 Coherion 
,lr\ of dry 
com- Soil. soilconi- 
r.-&lt;l t.. pared to 
lay. clay. 

1000 Humus... *. ~ 


Jif 


83.3 Garden soil ; 7.6 
8. B Gvpsnm 7. 3 
57.3 Calcareous soil -VO 
SI. Calcareous sand j 
22.0 Quartz Band ... -0 


.::::::::::: ::::::::::::::::: 



This table shows that clay in the dry form has a relatively high 
cohesion, while humus and lime soils are low, and sand does not bind 
together at all. Bv comparing some of the values obtained for the 
above soils with their mechanical analyses it was shown that in the 
clay soils the presence of humus or sand greatly reduces the cohesion. 

This method is of interest in showing the binding qualities of 
very dry soils, yet it is open to ^he objection that the results obtained 
by it do not give reliable data for soils under ordinary cultural con 
ditions. It is rare for field soils to dry out to an extent comparable 
with the condition reached in this method: and it will l&gt;e pointed 
out later that the relative values for the cohesion of different soils 
vary with the quantity of water present. The table shows further 
that the cohesion value of sand is zero, which means that in drying 
out the sand samples did not retain their form. If the measure 
ments are to give a basis of comparison for the ease of working tin- 
soils in the field, such a value is of course meaningless. A method 
which depends on an unsupported soil column is evidently too wide 
a departure from field conditions. 

It is apparent that measurements of soil cohesion are not of great 
agricultural interest unless they take into account the variable quan 
tity of water in a soil at different times, since this quantity plays a 
most important role in determining all of its physical properties. 
Extensive experiments in soil cohesion taking account of this factor 
were made by Ilalierlandt." in which he measured cohesion by the 
crushing strength of cylinders. lie also divided some of his soil 
samples into three fractions, depending on the size of the grains, and 
in this way he was able to study the relation l&gt;etween soil cohesion 
and size of the particles. In the method as first used by him he 

o Wisseiifwhaftlirh praktische Untorsuc-hunjjen auf ilfiu &lt;;&lt;&gt;liete le Pflnn- 
zeubauex. Wion, 1875, Vol. 1, i. 22. 
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molded cylinders of the soil in a glass tube one end of which was cov 
ered by a thin cloth. The cylinders and the glass tube were dipped 
in water to the depth of 1 centimeter and the soil allowed to take up 
moisture freely. The soil column, when removed from the glass tube, 
was 2 centimeters in diameter and 3 centimeters high. The cylinder 
was then allowed to dry until it had attained the desired moisture 
content, when the crushing strength was determined by placing a 
glass vessel on the top of the column and pouring in water until, the 
soil gave way. From the weight of the vessel and water the value 
for the crushing strength was obtained in grams. The results for one 
soil are given in Table IT. 

TABLE II. Moisture-cohesion relations, acronUnrj to Habcrlandt. 



Grade of parti 
cles. 


Moisture 
content. 


Weight 
required 
to break 
down soil 






cylinders. 




Per cent. 


Grams. 




32.6 


120 




19.8 


320 


Coarse 


13.1 


725 




7.7 


290 




2.4 


170 




25.9 


225 




19.2 


265 


Medium 


16.8 


500 




3.1 


1,115 




1.2 


1,080 




33.4 


450 




25.8 


1,150 


Fine 


7.0 


1,900 




4.2 


2,400 




1.9 


4,200 



From Table II it will be seen that the strength with which the 
particles are held together is greatly dependent on the moisture con 
tent of the soil. In two of the samples the cohesion value reached 
a maximum, indicating that in these soils a certain water content 
was of particular significance in regard to the cohesion. The soil 
with the finest particles became bound together more closely as it 
dried out, which is in agreement with the results of other investi 
gators. 

In another experiment Haberlandt studied the effect of mixing 
various quantities of sand and of moor soil with the sample of soil 
which was used in the previous experiment. As the percentage of 
sand increased the resistance to crushing diminished. This was like 
wise true of mixtures of the same soil with the moor soil. 

In a later investigation Haberlandt a molded cylinders of the soil 
in a glass tube in the same way as before, and in addition to 
determining the crushing strength he measured the resistance to 

oForsch. auf dem Geb. Agr.-Phys., 1, 148 (1878). 
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breaking under a transverse load, by placing the soil cylinder across 
two parallel horizontal supports centimeters apart. Midway be 
tween the supports a scale pan was suspended from the soil cylinder, 
and weights were added continually until the soil column gave way. 
The weight required was taken as a measure of the " absolute " firm 
ness of the soil. The pieces of the broken soil column were cut down 
to the desired size and a measurement of the " relative firmness 
was made by crushing the sample in the same manner as lxfore 
described. Measurements were made on twelve different soils in 
which the values for * absolute " firmness varied .from 11;") to 3.5 and 
for " relative " firmness from 5),00() to 700. Compared by either 
method the soils fell in practically the same order. 

The investigation was further extended by IIalx&gt;rlandt to deter 
mine the change in cohesion upon the addition of small amounts of 
charcoal and lime. The results are given in Table III. 

TABLE III. Effect of lime and charcoal on cohesion, according to Haherlandt. 



Mixture. 





31.4 

&gt;oil with 1 PT cent charcoal 20 

Soil with 1 per cent lime j g. 9 



The cohesion was reduced 3f&gt; per cent by charcoal and 72 per cent 
by lime. From his various experiments Haberlundt concluded: (1) 
The cohesion of different soils is widely different; (2) the cohesion 
depends on the size of the particles; (3) the cohesion of the soil is 
greatly diminished by the addition of lime, and this has a great 
influence in determining the ease with which soils can lx- worked in 
the field; (4) at some moisture content the cohesion is least for every 
soil. This last conclusion Haberlandt considered of great impor 
tance as lx&gt;aring upon the question of the ease of working the soil in 
the field. 

An extensive and valuable contribution to the literature of soil 
cohesion and penetration was made by Puchner," who obtained values 
for " absolute " and " relative " firmness. lx&gt;th by the method of pene 
tration and bV a method similar to that of Hnberlundt. The appa 
ratus by which Puchner measured the penetration of soils consisted 
of a vertical shaft running through a metal guide. On the lower 
end of the shaft was fastened a penetrating knife blade 2 centimeters 
broad and 1 centimeter high, the angle of the cutting edge being 13. 
The upper end of the shaft carried a scale pan to which weights were 
added directly until the blade was forced a required depth into the 

"Forsch. nuf dem (Jeh. Ajjr.-l hys., 12. 195 (1880). 
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soil. The unloaded shaft and scale pan were counterpoised by a 
weight running over a pulley. By means of a pestle the dry soil 
sample was packed into a dish having a perforated bottom to permit 
of saturation with water taken up by capillarity. This amount of 
water was taken to represent the total water capacity of the soil, or 
100 per cent moisture content. The samples were then allowed to dry 
until they reached the moisture content desired, when the penetration 
was measured by the apparatus just described. 

The influence of changing moisture content and that of size of par 
ticles on penetration were studied. For this purpose he used quartz 

sand s e p a r a t e d into 
seven divisions, vary 
ing from 0.01 milli 
meter to % 2 millimeters 
in diameter. The co 
hesion of these seven 
samples and a sample 
composed of all sizes 
was measured with 
varying water content. 
Experiments were also 
made on a calcareous 
soil ( Kalksand ) , w T hich 
was divided into four 
divisions, ranging from 
0.01 to 0.25 millimeter. 
The results of these ex 
periments are plotted 
in figure 1, the weight 
in grams necessary to 
force the blade the re 
quired distance into the 
soil being plotted as 
ordinate and the mois 
ture content in percentage of dry weight as abscissa. The same 
abscissas hold for both the " Kalksand " and quartz curves. The 
numbers on the curves represent the limiting sizes of the particles. 
In order further to distinguish the curves representing the composite 
samples, they have been drawn in dotted lines. From these curves it 
is readily seen that the penetration values are greater for the finer 
particles and that the values for the composite samples lie between 
the extremes. 

All these curves exhibit a maximum penetration value, from 
which it is. evident that as the water content changes there is a corre 
sponding change in at least this physical property, and that this 
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FIG. 1. Influence of size of soil particles on penetra 
tion-moisture results for calcareous sand and for 
quartz, according to 1 uchner. 
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&gt;articular water content has a special significance. As the &gt;i/e of 
wrticles varies the position of the maximum changes. In the case 
tf " Kalksand " this has lx&gt;en indicated In drawing a straight dotted 
ine through (lie maxima. In the case of the quart/ curves the 
naxima do not seem to lxar so simple a relation to each other; this 
nay IM- due to the fact that the composite sample contains many 
arge particles (-J millimeters). Although there were seven divisions 
for quart/, only four of the corresponding curves are shown in the 
figure, since the curves for the larger si/es lie too close to the axis 
il&gt;scissas to l&gt;e conveniently plotted. 

The relation of penetration to changing moisture content was 
-tudied hy Puchner with certain principal soil constituents (quart/, 
minus, and clay), and cohesion values were obtained for the pure sub 
stances and for their mixtures. In this work the measurements were 
limited to one range of particles between 0.01 and 0.14 millimeter. 
These results have been plotted in figure -2. The curves for kaolin and 
|ii;iri/.. humus and kaolin, and quart/ and humus are drawn in 
separate divisions and each has its own set of ordinates. 

In the case of kaolin and the mixtures in which kaolin predomi 
nates the force necessary for penetration increases steadily as the 
soil dries out. In the other samples the penetration curves show 
again a maximum point. The curves are also interesting, since the 
absolute values for penetration of the pure substance and of mixtures 
may l&gt;e compared directly. 

In discussing the value of cohesion measurements made on drv 
samples alone as indicating the physical condition of agricultural 
land, it was pointed out that the results so obtained were likelv to 
be misleading, since under field conditions we sehlom have to consider 
a dry soil. The truth of this will become apparent on examining 
the curves. Taking, for example, the case of humus and kaolin in 
the dry condition, the cohesion values vary in the different samples 
from alxMit 500 to 1:2.000 grams. Under favorable cultural condi 
tions the mixture " 1 humus-f 2 kaolin " would probably contain 
about 35 per cent water, while " 2 humus-f-1 kaolin " might contain 
from *20 to 40 per cent ; the pure humus would ordinarily contain 
from 70 to !&gt;0 per cent. At these moisture contents, which would 
represent fair field conditions, the cohesion values would not l&gt;e 
very widely different. 

In his experiments Puchner made observations on many other 
factors relating to penetration, such as the influence of " single grain " 
and "crumb" structure, addition of chemicals, plant covering, frost, 
etc., to some of which reference will lx&gt; made later. lie also made 
quite as complete a study of soil cohesion by measuring the crushing 
strength of cylinders of his soil material, from which he obtained the 
same results and reached the same general conclusions, as follows: 
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(1) The cohesion of the soil, i. e., the force with which the soil particles are 
hound together, depends on the physical constitution of the soil, on the moisture 
content, and on the presence of various salts. 

(2) Of the different soil constituents, clay has the greatest binding strength, 
while that of quartz, humus, and lime is less. The cohesion of the soil will 
therefore depend on the relative proportions of the different materials. 

(3) The influence of water on the cohesion of soils is of great importance. 
In clay and clay earth the cohesion is greater as the water content diminishes, 



20,000 
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FIG. 2. Penetration-moisture results for different soil components and mixtures of them, 
according to Puchner. * 

while in humus, quartz, and lime the soil particles are most strongly held to 
gether at a medium percentage of water. 

(4) The cohesion in any soil depends on the internal arrangement of the 
particles. It is greater in a " single grain " structure than in the " crumb " 
structure. If the soil particles are pressed together by an external force there 
results a proportional increase in the cohesion. 

(5) Under otherwise similar conditions the binding strength of the soil is 
greater under crops than in fallow. 
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(6) The freezing of tin 1 soil greatly raise* tin- absolute firmness. 

(7) On the addition of lime the cohesion of clay Is reduced under all moisture 
conditions, while the addition of i&gt;otassium hydroxide and jH)tassium carbonate 
increases the cohesion when the soil is dry. but reduces it at higher moisture 
content. 

(8) In a consideration of the moisture condition most favorable for working 
a soil and best suited to placing it in most favorable mechanical condition, the 
question of cohesion should not enter, since with a medium water content (some 
where about 40 i&gt;er cent of the total water capacity) the cohesion of most soils 
is at a maximum, and the soil can then be worked more easily into a crumbly 
condition. It is desirable to obtain the crumb structure, which is the best 
physical condition of the soil i. e.. the condition most favorable for crop pro 
duction even at the exj&gt;ense of greater lalx&gt;r. 

It is quite evident from the work of other investigators that the 
cohesion or binding power is quite different for different soils and that 
it determines the penetrability. It is a matter of particular interest 
that the penetrability is closely connected also with the amount of 
moisture in soils. In order to investigate the influences of water on 
the physical condition and on the productiveness and apparent fer 
tility of soils, a further study on penetration has l&gt;een made. 

RELATION OF PENETRATION TO MOISTURE CONTENT. 
Object of experiments. 

I nlike previous investigations in soil penetration, these measure 
ments were not made primarily to study soil cohesion or to determine 
the resistance offered by various soils to cultural treatment. The 
purpose was rather to determine what constitutes a favorable physical 
condition for plant growth and how water affects this condition. 
It was assumed that the soil could be put ijito a most favorable con 
dition as a cultural medium and that penetration measurements could 
l&gt;e taken tentatively as an index of this state. 

These considerations had an important bearing on the development 
of the methods used. It was pointed out by Puchner that a soil can 
best be put into a crumbly structure when it contains a medium 
amount of water. The importance of a crumb structure as a soil con 
dition has long been known to agricultural men. and is earnestly 
sought in good agricultural practice. The ability of a soil to build a 
crumb structure or to form itself into aggregates is an important fac 
tor, determining the value of that soil as a medium for plant growth. 
The penetration work in previous investigations of soil cohesion has 
not been conducted under conditions best suited to plant growth. In 
fact the experimental procedure usually put the soil samples in a 
condition much worse than obtained in field practice. The soils were 
] Kicked when dry, often with a pestle, so that the individual grains 
wen* worked into very close contact with each other, and the soils 
\\cre then completely saturated with water, the samples being thus 
1377 Bull. , r iO 08 2 
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packed still closer. The desired water contents at which measure 
ments were made were obtained by letting the saturated samples dry 
out. Such a procedure could hardly be said to duplicate field condi 
tions. In order to study the influence of water upon the soil as a 
cultural medium it was desired to put every sample of soil into the 
most favorable state possible. 
Experimental methods. 

Xeither absolute values for penetration, nor the comparison of 
these absolute values for different soil types were attempted; but 
rather the aim was to determine the variation in the penetration 
values for one particular soil at different moisture contents. Further 
more, a comparison of the penetration values for different soils can 
not be made, on account of frequent changes in the apparatus during 
the course of the investigation. No such variation as this, however, 
occurs during a set of measurements on any one soil sample, and these 
results are strictly comparable with one another. 

In this problem one of the most serious difficulties encountered was 
so to control the handling of the soil sample and its packing that an 
agreement in results could be obtained between duplicate experi 
ments. The difficulty in regulating the packing was rendered greater 
by the fact that the soils were to be examined in a loose condition, in 
which state even slight changes in the packing force produce large 
variations in the results. In studying the change of penetration 
with varying water content it was desired that all soil samples should 
have the same treatment. This it was impossible to do so long 
as the samples were worked by hand, and it was only possible 
when the process of packing was made purely mechanical. To this 
end a power-driven shaker (see fig. 27, p. 60) Was devised, in which 
the soil samples were run through a coarse screen, after which they 
fell a definite distance through a funnel into the dish in which the 
penetration measurement was to be made. Since the screening was 
mechanical and the same in each case, the packing could be changed 
by varying the height through which the soil fell. 

The apparatus for measuring the penetration (see fig. 30, p. 64) 
consisted of a long lever arm from the end of which was suspended a ; 
sharp conical tool of steel, free to swing in the vertical plane of the j 
lever beam. This tool was forced a definite distance into the soil 
sample by weights added gradually to the middle of the beam. The 
unloaded beam and attachments were balanced by a counterweight 
hung beyond the fulcrum on the opposite end of the lever. 

In making a penetration measurement the procedure followed was 
to make up a soil sample to about the desired moisture condition. 
The sample was run through the screening machine into the dish in 
which the penetration measurement was 10 be made. This dish \va- 
large enough so that several measurements were made on each sample. 
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the mean of which was taken to represent the final value. The data 
for the complete variation of the moisture content were usually ob 
tained by starting with air-dry soil. After the penetration value for 
this sample was obtained, enough water was added to the same lot of 
soil to increase the moisture content by a few per cent. This sample 
was in turn screened and measured, as before. The moisture content 
was thus gradually increased and measurements taken until the soil 
l&gt;eeaim&gt; too moist to work. The process could be reversed with equal 
success by letting the wet soil dry out to the desired point as long as 
the sample was screened at the same moisture content for which the 
penetration was determined. The amount of water present in the 
soil at each measurement was determined by drying a sample of the 
soil at 110 C. and calculating the moisture content to the dry weight, 
since this method gives moisture values which for any one soil are 
directly proportional to the actual amounts of water present. This 
method does not, however, give any idea of the moisture relations 
when comparison is made Ix tween different soil&gt;. 
Results for Podunk fine sandy loam. 

Tht first measurements of penetration were made for Podunk fine 
sandy loam, the mechanical analysis of which is given in Table IV. 
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Name of divisio 


Limit* of 
size. 


IV UKe nt ~ Xim- rf division 


Limit.*) &gt;f I ereent- 
-i/&gt;-. age. 


Fine gravel 
Coaneaand 
Medium Naiid 
Fiiif MI ml 


Millimeter*. 
2.0-1.0 
1.0 .5 
5 .25 


o.O Very tint- ximl 
Silt 


MiUimeteri. 

u.i .06 

05 00: ) 


30.4 
18.8 
2.2 


1.0 Clav 

41. li 
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This soil is seen to consist very largely of fine sand and very fine 
sand, along with considerable silt. It proved to IK- a soil particu 
larly well adapted to an investigation of this kind, being very easy 
to work and not becoming sticky when water was added to it. In 
the air-dry condition it was found to hold about 0.3 per cent of water, 
and when completely saturated by letting water rise by capillarity 
into short columns it held about 30 per cent. The results of a series 
of penetration measurements on this soil are given in Table V. 

TABLE V. Penetration-moisture relations for 1 odnnk fine xan&lt;lu loam. 



Multure 
content. 



I Weight re- ! i 
inired for 



Weight re- 1 

Moisture quired for ! 
penetn- content. penetra 
tion, tion. 



Prrcrtd. 
O.Stf 
.92 
S.9 

6.8 



I rr cent. 
7.9 
10. ft 
13.4 
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These results are shown graphically in figure 3, where the water 
content is measured on the axis of abscissas and the weight required 
for penetration on the axis of ordinates. 

It can be seen from this that when the soil is put into the loosest 
possible condition the penetration measurements give a minimum 
between 4 and C per cent of water. This would indicate that as the 
moisture in the soil changes there is a definite variation in this phys 
ical property, and that one particular range of water content seems to 
have a special significance. It makes no difference in the result 
whether the water content be changed by adding water to the soil or 
by drying out a \vet soil, for at one and the same moisture content 
the penetration value is a minimum. 

As was pointed out in the introduction, there is a moisture condition 
in each soil which is recognized as the " optimum " water content, and 
is determined by the " feel " of the soil. To determine whether there is 
a relation between the 
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critical amount of 
water as found in the 
a 1) o v e penetration 
work and this opti 
mum water content, 
several samples of 
Podunk fine sandy 
loam, containing dif 
ferent amounts of 
moisture, were made 
up to optimum con 
dition by practical 
for 1 odunk fine greenhouse men. 
When the moisture 
determinations of the samples were made they were between 5 and 7 
per cent of water, thus suggesting that the minimum in the penetra 
tion curve has a casual connection with the optimum water content, 
a quantity which up to this time has been purely arbitrary. 

Another set of penetration-moisture results, obtained in a similar 
manner except that the packing was somewhat greater, is given in 
Table VI. 

TABLE VI. Penetration-motet tire relathmts for Podunk fine sandy loam. 



FIG. 3. Penetration-moisture results 
sandy loam. 



Weight 

Moisture required 
-- for pene 
tration. 



Per cent. 
0.3 
2.6 
6.0 
11.6 



Grams. 
178 
53 
48 
54 
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These results arc like the others in that they show a minimum at 
about ( per cent of moisture content. 

In working this soil preparatory to the measurements a great dif 
ference was noticed in its behavior as the amount of water was 
changed. The air-dry sample was of course in poor condition for 
agricultural purposes and was quite difficult to work because of the 
dusty nature and the compact state into which it settled. The addi 
tion of very little water produced a great change, as might have been 
predicted from the penetration curve; and although the soil was too 
dry for agricultural purposes, it was no longer dusty, seemed much 
lighter, and it screened and packed better. The soil sample giving 
the least penetration value responded most readily to working; it 
screened well, felt damp, light, and of an even texture. Beyond this 
point the soil began to feel wet and to show the effects of what might 
l&gt;e called "free water" i. e.. water which does not seem to l&gt;e an 
integral part of the soil. At 10 per cent water content the soil was 
still in fairly good condition, although it screened rather slowly, and 
Ix vond 14 per cent it could not be worked localise of the diffi 
culty of screening the wet soil. At this point it was evident that 
the soil was too wet for good plant growth. Although this method 
does not permit a study of soil condition in the neighborhood of the 
saturation point, it does allow sufficient variation to cover the range 
of soil moisture usually met under growing conditions, a range ex 
tending well alx&gt;ve and below the optimum water content. 

The penetration values according to this method form an interest 
ing comparison with the plant growth on soils containing varying 
quantities of moisture. In the air-dry condition the soil is not able 
to sustain crops. When enough water has been added to the soil to 
enable it to support plant life, the penetration values drop very 
rapidly and are of the same order of magnitude as found at the mini 
mum point. Beyond the minimum the penetration for Podunk fine 
sandy loam rises very slowly, which may l&gt;e interpreted to mean that 
the physical condition of this soil changes but slightly over a range 
of several per cent, for the soil remains in very fair condition for 
plant growth over quite a wide range above f&gt; per cent of moisture. 

It will lx&gt; remembered that in his work on soil cohesion Puchner 
obtained maxima in his penetration-moisture curves, while the results 
just described showed minima. Puchner attributed his maximum 
values to an increase in the soil cohesion due to the presence of a defi 
nite amount of water in the soils. He also pointed out that this 
particular amount of water in the soil was most favorable for the 
formation of floccules or soil aggregates and the attainment of a 
crumb structure, due to this same increased cohesion. This appears 
to connect his observations with those here recorded and to show that 
the same forces which caused a maximum under the one method of 
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procedure operated under a very different method to give a minimum. 
In order to test this point, a penetration-moisture study was made 
on Podunk fine sandy loam under conditions similar to those of the 
Puchner method. The results obtained are given in Table VII and 
graphically represented in figure 4. In order to make this result 
more easily comparable with other penetration results, we have in 
cluded in the figure, using 
the same abscissas, a curve 
obtained for the same soil 
by the regular method of 
loose packing. Each curve, 
however, is given with its 
own ordinates. Although 
the penetration value for 
the critical point exhibited 
by the maximum is over 
one hundred times as large 
as the value given by the 
penetration at the mini 
mum, and although the 
methods are widely differ 
ent and represent very dif 
ferent conditions of inter 
nal arrangement of the soil 
particles, the agreement of 
the critical points in regard to the w r ater content of the soils is very 
striking indeed. From this it is evident that in a soil some par 
ticular water content is of marked importance in determining the 
physical character of the soil, which property is undoubtedly de 
termined bv the distribution of the water. 
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Fin. 4. -Penetration-moisture results for Podunk 
fine sandy loam by method of Puchner and by 
method of loose puckins. 



TABLE VII. Penetration-moisture relations for Podunk fine sandy loam, ~by the 
Puchner method. 



Quantity of water in 




soil 




Proportion 
of drv 
height. 


Proportion 
of total 
water ca 
pacity. 


Weight re 
quired for 
penetra 
tion. 


Per cent. 


Per cent. 


Grams. 


32.0 


100.0 532 


26.0 


81.0 2,320 


19.4 


60.8 


4,080 


8.6 


26.8 ; 5,300 


2.7 
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At the same time some experiments were made on the variation 
in the |&gt;enet ration-moisture relations when the soils were packed 
under different pressure-. 
These results have a special 
interest in connection with 
the forms of the curves ob 
tained by Puchner s method 
and bv our method. In 
studying the effect of pack 
ing the soil, samples of 
Podunk fine sandy loam 
were prepared in the regu 
lar manner of loose pack 
ing, except that before the 
jx netration measurement 
was made the desired pres 
sure was applied to the 
surface of the soil by means 
of an apparatus designed 
for that purpose (see p. 62). The results of these measurements are 
given in Table VIII, and shown graphically in figure ."&gt;. The amount 
of the pressure per square centimeter used in packing the soil is 
given on each curve. 

TABI.K VI 1 1. Penetmtion-tnoiftlurc relations for 1 odunk fine xtimlii 1 on ni. linefeed 
under different prexfturex. 
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tion-moisture results with difler- 
ent packings. 



Packing force per aq 
centimeter. 
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rontent. penetra- 
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tinre Moisture &lt;|iiire&lt;l for 
contcni penetra 
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Although the pressures applied are not large and do not raise the 
penetration values anywhere near the point reached by samples meas 
ured according to Puchner s method, yet there is a well-defined ten 
dency for the curves to flatten out as more pressure is applied. There 
is much less difference between the penetration values of the minimum 
and the dry state in the sample packed under .~&gt;0 grams than there is 
in the sample packed under 10 grams pressure. The difference in 
the results obtained in the two penetration methods discussed is ob- 
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viously one of packing. It would seem that upon increasing the 

pressure used in packing the loose samples a series of curves would be 

obtained ranging from those by our method, showing a minimum, to 

those by the Puchner method, showing a maximum. It was not 

deemed advisable at the present time to investigate this point 

further. 

Results for Miami black clay loam. 

Having found the above results for a sandy soil of low water 
capacit} T and poor in organic matter, the same method of study was 
applied to the Miami black clay loam, a soil of widely different char 
acter, a silty soil rich in organic matter, having a large capacity for 
water. The mechanical analsis of this soil is iven in Table IX. 



TABLE IX. Mechanical 



f Miami black chin lo&lt;ii. 



Niiiue of division. 


Limits of 
size. 


Percent 
age. 


Name of division. 


Limits of 
size. 


Percent 
age. 


Fine gravel 
Coarse sand 


Millimeters. 
2.0 -1.0 
1.0- .5 


1.2 

7.6 


Very fine sand 
Silt 


Millimeters. 
0. 1 -0. 05 
. 05 - . 005 


6.2 
53 4 


Medium sand 
Fine sand 


.5 - .25 
. 25- . 1 


3.9 
16.1 


Chiv 


.005- .0 


11.6 
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FIG. 6. Penetration-moisture results for Miam 
black clay loam. 



The total water capacity of this soil is about CO per cent, and in the 
air-dry condition it ordinarily contains about 8 per cent of moisture. 

When this soil was made up 
to optimum water content 
by field methods it was found 
to contain from 35 to 40 per 
cent of water. 

A penetration - moisture 
curve was made for Miami 
black clay loam when the 
soil was put each time into 
the loosest possible condi 
tion, the method being the same as already described for Podunk 
fine sandy loam. The results are shown graphically in figure G. 

When water was added to a comparatively dry sample the penetra 
tion value dropped to a minimum at 32 per cent moisture content. 
Enough water was added to the 32 per cent sample to increase the 
water content by several per cent, whereupon the soil proved too 
sticky to screen well. At 32 per cent the soil was in excellent con 
dition, but on account of its clayey nature a few per cent of water 
caused a great change in the " workability." From this curve it is 
evident that as water is added to the dry soil, the cohesion is increased 
and* the soil can be worked into aggregates. When the cohesion of 
the soil is greatest, as evidenced by a minimum in the penetration 
curve, the soil is in excellent physical condition. 
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Results for Leonardtown loam. 

The next soil studied was quite different from those previously 
descril&gt;ed, being a light -colored soil containing considerable clay and 
little organic matter, becoming rather sticky when wet, and on drying 
setting in a hard condition. The optimum water content for this 
soil was found to lie at about 15 per cent, a value midway lxtween the 
optimum water content of the Podunk fine sandy loam and that of the 
Miami black clay loam. In the air-dry condition the soil contains 
about 1.3 per cent of water and when saturated holds some 34 per cent 
Several concordant sets of penetration results were obtained for this 
^n\\. Despite its tendency to become sticky when wet, it was possible 
to carry the penetration curve some distance bdyond the optimum 
water content. Table X and figure 7 show the results of one set of 
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Fin. 7. Penetration-moisture results for Leonardtown loam. 

measurements. The curve drops to a well-defined minimum at about 
15 per cent of moisture, which is also the optimum water content. 

TAHLK X. PenetratMn-moittvrc n-lationx for Li &lt;nninltnrn louin. 
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lift 1 


IS. 7 


68 


26.9 


160J 



It was pointed out in the case of Podunk fine sandy loam that the 
form of the penetration curve might serve as an index to the char 
acter of the soil, and that for several per cent beyond the optimum 
water content the penetration curve rose very slowly, indicating that 
the physical properties change slowly and that the soil remains 
in fairly good agricultural condition. The penetration curve for 
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Leonardtown loam rises sharply, indicating a more marked change 
in the physical condition of the soil. Here also the curve corresponds 
to the field observations, for the favorable soil condition existing 
at 15 per cent of water rapidly disappears with a slight increase of 
water content. Further data on penetration for this soil are given in 
Tables XXITT and XXIV. 
Results for Muck. 

The next soil was studied as a check upon the conclusions reached 
in the previous work because it is an extreme soil type, being com 
posed largely of organic matter and having a high water content. 
The mechanical analysis of this soil is not presented, as it Avould give 
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FKJ. H. Penetration-moisture and apparent-specific-gravity-moisture results for Muck. 

little indication of the soil texture owing to the large quantity of 
organic matter present. In the air dry condition this soil ordinarily 
holds about 45 per cent of water, and when saturated some 220 per 
cent. The soil is in good condition for agricultural purposes over 
quite a wide range of moisture content, and it would be difficult to 
assign a close limit for the optimum water content as determined 
by the ordinary field method; however, it may be considered as 
between 120 and 140 per cent. The penetration measurements were 
made in the usual manner, the results being given in figure 8. 
From this it is seen that the penetration value reaches a minimum 
at about 120 per cent of moisture, which agrees well with the optimum 
water content. 
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APPARENT SPECIFIC GRAVITY OR VOLUME. 
PREVIOUS WORK. 

In 1838 Schiibler" studied the volume changes of soil by drying 
out wet samples until the -weight no longer decreased. Representing 
the original volume as 1,000, he gives the volume to which the soils 
contracted on drying. In this way a comparison was obtained 
l&gt;etween different soil types. The results are shown in Table XI. 



land 


1 Percentage 

of original 
I volume. 

; lot). 


Material. 

Clay... 
Ordinary field soil 
Fertile garden soil 
Magnesium carlxmute 
Kaolin 
Huuius . . . 




Percentage 
of original 
volume. 

88.fi 
88.0 
85.1 
84.6 
81.7 

!o 


ma aand 


I 100.0 
100 


rl 
carbonate 
lay... 


i 96.5 
9f).0 
94.0 



(iypsutn 

Slate marl 

Calcium c 

Pottera cla ........................... . 

Clay loam ..... 91.1 

The diminution of volume on drying was determined for six soils 
by Wolff, who measured the change by means of a graduated cylin 
der. The influence of the size of the particles on the volume changes 
in soil was first studied by Haberlandt. lie used twelve soil sam 
ples. each of which was divided mechanically into ten separations. 
From the change in volume of the different soils and the water 
capacity, humus content, and mechanical analysis, conclusions were 
reached regarding the influence of different soil constituents on the 
volume changes. The experimental method consisted in measuring 
the change in volume of soil cylinders made from the damp earth. 
IlaU rlandt came to the following conclusions: 

(1) The volume change which different closely packed soils undergo In drying 
out from a wet condition varies from (. to :*&lt; per cent of the original volume. 

(2) Such volume changes are measured nest in closely packed soils; loose 
soils are not well suited to measurement. 

(. ?) Of the soil constituents humus has the most influence on volume change. 

(4) It is prohahle that the volume changes of soils hear a linear relation to 
the fineness of the particles ; yet this is only the case when these fine particles 
all have the same jxwer to swell. 

The volume changes due both to drying out and wetting were 
studied by von Schwarz.* He used four soil samples the mechanical 
analyses of which are given in Table XII. The volume changes are 
given in Table XIII. 



MJrundsatze der Agrikultur-Chemie. Leipzig. II. SH 

Anleitung 7,ur chemlschen rntersuchung landwirtschaftlieh wichtiger Stoffe. 
Merlin, 1899. 

Ftihling s Inndw. Ztg., 7, 481 (1S77). 

&lt;* Krster Her lent tlher Arbeiten der k. k. landwirtschaftlichen Vers.-Stat. in 
Welu (1870-1877), p. 51. 
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TABLE XII. Mechanical analyse* of soil* used in volume studies l&gt;y von 



Soil type. 


Coarse. 


Sa 
Medium. 


nds. 
Fine. 


Very fine. 


Suspended 
material. 


1. Sand 


Per cent. 
0.0 
0.0 
0.0 
Containt 


Per cent. 
%. 34 
19.87 
0.0 


Per cent 
3.11 
31.70 
0.0 


Per cent. 
0.55 
30. 39 
4.53 


Per cent. 
0.55 
18.04 
95. 47 


2. Loam 


3. Clay 
4 Moor 







TABLE XIII. Volume changes of soils on drying, according 1o Von Schwarz. 



Soil. 


Decrease 
on dry 
ing. 


Increase 
on wet 
ting. 


1. Sand 


Per cent. 


Per cent. 


2. Loam 


17 


19 2 


3 Clay 






4. Moor 




42. 4 









An extended study of the volume changes on wetting and drying 
soils was made by ~\Vollny. a In the apparatus devised by him for 
this study the soil samples were contained in a wide cup with a per 
forated bottom. This was surrounded by an outside dish so that 
the samples could be wetted by capillary water. On the surface of 
the soil rested a metal plate to which an upright rod was fastened. 
The weight of the rod and plate was counterbalanced by a weight 
running over a pulley. The upper part of the rod was notched so 
that it constituted a part of a rack and pinion that, on moving, 
revolved a pointer on a circular scale. The soil to be measured was 
packed into the containing dish in the dry state, the surface leveled, 
and the plate which moved the measuring mechanism was adjusted 
to the surface. By allowing the wet soil to dry, another measurement 
could be made. A measurement of the relation of volume change to 
size of particles on drying a soil gave the results in Table XIV. 

TABLE XIV. Volume changes on drying soil separates, according to Wollny. 



Soil (quartz sand). 


Size of par 
ticles. 


Decrease in 
volume 
due to dry 
ing. 


I 


Millimeter. 
01-0 07 


Per cent. 
99 


II 


07 01 


17 


III... 


11- 17 


15 


IV .. 


17 25 


11 


v 


25- 50 


o 









From this table it follows that the change of volume in quartz 
sand is greatest for the finest material. Similar results were obtained 



oForsch. auf dem Geb. Agr.-Phys., 20, 1 (1897). 
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when the dry soil samples were wet. although in this case, the volume 
changes were greater, as can be seen from Table XV. 

TAHI.K \\ .- \olii in &lt; fl&gt;an&lt;icx nn irrttinti xil xi imrnti *, urronlinu In \\ fillny. 





Increase in 
volume 
due to 
wetting. 


MUliinfter. 
0.01-0.07 


l&gt;rr rent. 
8.01 


07- 11 


5 09 




1.25 


17- .25 




.25- .30 


.0 



Measurements were made on drying and wetting the principal soil 
constituents quartz, clay, and humus, and their mixtures. The 
quartz used in this work was the finest size, varying from 0.01 to 0.07 
millimeter. Table XVI gives the values obtained both in drying and 
wetting the samples. 



TAIU.K 

Kaolin 

Kaolin, 
Kaolin, 
Quartz 
Quart/. 
Quart/, 
Humus 
Hinnii- 
Humus 


XVI. Volume eham/ex of different noil eonxtitHfntit ami their mixture* 
due to ehanyimj moixture content, according to \Volln\i. 


soil mixture. 


on 
&lt;lryiiiK. 


Increase 
on 
wetting. 




Per cent. 
39.92 

20! CT 
.99 

IftH 
5.39 
23. fi3 
35.19 


yvr rent. 
36.92 
30.90 
19. 2X 
H.01 
10. *4 
14.07 
15. 92 
25.22 
32. 79 




1 part + quartz, 2 parts 


2 parts -f humus, 1 part 






1 part + kaolin. 2 Darts . . . 



From this it is to IK? concluded that the volume changes in a soil 
are greater the more clay there is present and less the greater the 
amount of quartz. The humus causes an increase in the volume 
change when mixed with quartz, but has an opposite influence in 
mixtures of clay. 

A number of other factors that influence volume changes in soils 
were studied by Wollny, such as effects of hydrates and salts, the 
effect of the arrangement of the soil particles, and the effects of rain 
fall and freezing, to some of which further reference will IK? made in 
the following pages. 

RELATION OF VOLUME TO MOISTURE CONTENT. 
Object of experiments. 

From the work on volume changes just reviewed it is evident that 
variations in volume of greater or less magnitude occur in all soils 
when wetted and dried, which changes are influenced by a number of 
factors. The relation between the magnitude of these changes had 
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been well established for a number of soils and under a number of dif 
ferent conditions. In none of the work, however, is there any refer 
ence to the variation in volume with the variation in moisture 
content. What has been measured may be designated the " total " 
change, which represents the difference in volume between the satu 
rated and the air-dry conditions. Whether all or the greater part of 
the variation occurs over the range of low r percentage of water or near 
the saturation point, or whether it is equally distributecl over the 
entire range of moisture variation, has not been determined. In 
studying the effect of different amounts of water as affecting the 
physical state of the soil and determining favorable conditions for 
plants, it is of particular interest to know whether special quantities 
of water have a determining influence on the physical properties. 

Variations in water content have all been in one direction, from the 
Avet to the dry state, since there is no satisfactory way of adding 
regular intermediate percentages of water to a soil and leaving it 
in place for measurement. A soil could of course be molded into any 
convenient shape, saturated with water and measurements on the 
volume of the sample made as the water content decreased, without 
in any way disturbing the soil sample. The parallel results obtained 
by Wollny in the measurement of the " total " volume change in 
wetting and drying out a sample, indicate that the determinations in 
drying out a sample w r ill probably give a true idea of the nature of 
the changes occurring. 
Experimental methods. 

Several different methods were used to measure the change in vol 
ume, because it was desired to have check methods and because differ 
ent soil samples did not lend themselves equally well to the same 
method. The contraction along one dimension was measured rather 
than the actual volume change. The assumption was made that the 
contraction was the same in all directions and from the linear change 
for unit length the percentage volume decrease was calculated from 
the formula D=l (! &gt;c)*. where x represents the unit linear 
change. 

In one method, which will be designated the soil column method," 
a cylinder of soil Avas supported in an inclined position on a metal 
form made by sawing a brass tube in half, longitudinally. A cylin 
drical brass follower was brought in contact with the upper end of the 
soil column. As the wet soil column dried out and diminished in 
length the brass follower moved downward, and this movement was 
measured by means of a micrometer screw, reading to 0.001 centi 
meter. 



a For full description see p. 67 and fitf- 32. 
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Tliis same micrometer was used at a different time to measure the 
contraction of samples contained in vertical glass tubes (see p. 65 
and fig. 31) where a follower was also used in connection with the 
soil surface. This method will be designated as the " glass-tul&gt;e 
method." 

A different micrometer screw, reading to 0.0001 centimeter, was 
used in another method, where the soil sample was held in a cylin 
drical dish (see p. 08 and fig. 33), through the perforated bottom of 
which the sample could be saturated with water. A brass disk was 
set on the surface of the soil and the micrometer point brought in 
contact with this. For convenience this method will be designated 
the " micrometer method." A cathetometer was used to follow the 
contraction in soil samples supported in containing vessels having 
perforated bottoms. The point of an upright shaft, supported by a 
disk resting on the surface of the soil, was focused on the cross lines 
of the cathetometer telescope and thus the variation in the height 
of the soil surface was followed. This method will be called the 
" cathetometer method." 

As a further indication of volume changes the apparent specific 
gravity of the soil was measured by weighing a unit volume in the 
condition in which it was worked. These observations were made 
at the same time that the penetration work was l&gt;eing carried on. 
In determining these data for the various soil samples it was neces 
sary to level off the dish carefully, weigh dish and soil, and divide 
the weight of the soil by the volume of the dish. 
Results for Podunk fine sandy loam. 

It has l&gt;een shown above that at a certain percentage of water the 
penetration results indicate that it is possible to work the soil into 
a maximum " looseness," which amount of water corresponds to the 
optimum water content. This observation was further checked by 
measuring the apparent specific gravity of the soil the results l&gt;eing 
given in Table XVII. 

TABLE XVII. Apparent xprrifir uniritii-nnti*tnri relation* for Poilunk fine 
Ktiinln Inn in. 

Mobtun* 



yv&gt;- ,-. at. Per cent. 

0.36 1.31 7.9 0.665 

.92 1.21 10.5 .722 

8.9 .69 13.4 .777 

5.S .655 



These data are better illustrated by the curve in figure 0. from 
which it is -seen that the variation of apparent specific gravity with 
content corresponds closely with the penetration-moisture 



32 



MOISTUBE CONTENT AND CONDITION OF SOILS. 



results. On account of the greater accuracy attainable by weighing, 

the data given by the ap 
parent specific gravity 
variations are even more 
concordant than those 
given by penetration meas 
urements, which are more 
difficult to make with ac 
curacy on account of the 
influence of small irregu 
larities in packing. 

The apparent - specific- 
gravity data obtained in 
connection with the pene 
tration measurements made when the soil was subjected to different 
packing pressures are shown by means of the curves in figure 10, 




33456789 

PER CENT Of MOISTURE 

0. -Apparent-specific-gravity-moisture 
for I odunk fine sandy loam. 




II 



& 9 10 
CONTENT 

FIG. 10. Apparent-specific-gravity-moisture results for 1 odunk line sandy k 
different packings. 
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where the numbers on the curves represent the packing force per 
square centimeter. These curves are similar to the corresponding 
penetration curves, but they indicate more clearly the tendency to 
flatten out under increasing pressure due to the fact that the specific 
gravities of the dry samples are much closer together, so that the 
results of packing the loose soils at the optimum water content are 
more marked. 

It can IK readily seen from the work of Wollny on the "total" 
hange of volume of soils that the measurement of the change of 
volume in sand with varying moisture content would present ex- 
eptional difficulties on account of the very small change of volume. 
When it is l&gt;orne in mind that the volume is a cubical function of one 
length, the difficulty of obtaining accurate measurements on the linear 
contraction can l&gt;e appreciated. In comparison with the readiness 
with which contraction measurements were made on some soils, the 
study of the volume change in Podunk fine sandy loam presented 
serious experimental difficulties. But these results were essential in 
order to compare the variations in this physical property with the 
changes in penetration and apparent specific gravity already given, 
and to complete a correlation of the individual properties that are 
dependent on the moisture content of the soil. 

The results of a series of measurements on the volume changes in 
Podunk fine sandy loam as made by the micrometer method are given 
in Table XVIII. 

TABLE XVIII. Yolumc-moifiturc relation for Podunk fine sandy loam. 



Moisture 


Linear 


Volume 


Moisture 


Linear 


Volume 


content. 


decrease. 


decrease. 


content. 


decrease. 


decrease. 


Per cent. 


Centimeter. Per rent. 


I er rent. 


Centimeter. Per cent. \ 


32.9 


0.0 0.0 


11.6 


0.022 : 7.13 j 


29.8 


.006 1.98 


9.7 


.022 7.13 


29.0 


.007 2.19 


8.2 


.022 7.13 


27.7 


.011 ! 


6.8 


.022 7.13 


22.7 


.021 


6.87 


6.4 


.0226 


7.13 j 


18.3 


.022 


7.13 


6.4 


.0265 


8.36 ! 


16.0 


.022 7.13 


3.7 


.0256 


8.36 i 


12.2 


.022 7.13 


2.0 


.026 


8.40 



From the table it will l&gt;e seen that the saturation point at which 
the measurements were started was about 33 per cent moisture con 
tent. As the sample dried out there was a gradual decrease in volume 
until about 18 per cent of water was reached when the contraction 
had amounted to 7.13 per cent of the original volume. From this point 
on there was very little, if any, contraction in volume over many per 
cent decrease in moisture content. When the soil reached about 
per cent moisture content, however, a more rapid volume decrease 
commenced. At 2 per cent of water the volume decrease had reached 
13779 Bull. 50-08 3 
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8.4 per cent of the original volume. These data are shown in another 
form in figure 11, where the moisture content is platted as abscissa 
and the per cent volume decrease as ordinate. 




8 10 12 14 16 18 -20 22 24 26 ZB 30 32 34 

PER CHT Of MOISTURE. 
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FIG. 11. Volume-moisture results for Podunk fine sandy loam by the micrometer method. 

In Table XIX and figure 12 is given a series of measurements made 
by the " glass-tube method," and these show the same variations as 
do the previous measurements. 

TABLE XIX. Volume-moisture relation* for Podunk fine sandy loam. 
[Length of soil column, 10 centimeters.] 



Moisture. 


Linear de 
crease. 


Volume 
decrease. 


Moisture. 


Linear de 
crease. 


Volume 
decrease. 


Per cent. 


Centimeter. 


Per cent. Per cent. 


Centimeter. 


Per cent. 


23.8 


0.0 


0.0 | 5.9 


0.023 


0.69 


17.7 


.015 


.48 


3.0 


.043 


1.30 


9.3 


.016 


.50 


1.6 


.043 


1.30 


7.4 


.016 .50 









The total percentage decreases are not the same by the two methods. 
As was pointed out in the chapter on penetration, the " absolute " 

values of these changes have 
no significance, but only the 
relation between the w r ater 
content and the property 
being studied. It is to be 
noticed, however, that the 
measurements by the latter 
method were not begun at 
33 per cent, but at 24 per 



\: 

i- 
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12. Volume-moisture results for Podunk 



fine sandy loam by the cathetometer method. 



cent, and if a similar range 
be taken on the curve of figure 11 the total volume changes by the two 
methods more nearly approach each other. Considering the curves 
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within the range of the moisture content covered in the penetration 
work namely, 14 per cent to j&gt;er -cut it will be seen that from 14 
to r&gt; &lt;&gt;r 7 per cent there is Ho appreciable change in volume in Podunk 
fine sandy loam, the loss of water over this range having no influence 
on the volume of the soil. In the neighborhood of per cent, how 
ever, a change is noticeable, a loss of water Ix-yond this point U ing 
accompanied by a diminution in the volume of the sample. 

Thus, it follows that not only in the penetration but also in the 
aparent specific gravity a change occurs in the physical properties of 
the soil at about (5 per cent moisture content, which content is also 
the optimum. It is evident, therefore, that the optimum water con- 
lent has an important physical significance and the work on volume 
contributes much to an understanding of the factors that operate at 
the optimum water content. 
Results for Miami black clay loam. 

Very satisfactory volume results were obtained in the measure 
ments on the Miami black 
clay loam. The nature of 
the &gt;oil made it well 
suited to the soil column 
method of measuring vol 
ume change: l&gt;eeause of \i&gt; 
clayey nature and organic 
matter content it was able 
to retain the form of the 
soil column both in a very 
wet and a very dry condi 
tion. Further, the pres 
ence of the clay and or 
ganic matter caused greater volume change-, which added much to the 
ease of obtaining results. 

A set of data obtained for Miami black clay loam on the volume 
changes with varying moisture content is given in Table XX and 
represented graphically in figure l \. 

TABLE XX. \ nlumc-innixtur&lt;- rrlntum* for Minini black i-lay luniii /// tin nil 
Column nn tliml. 






moist 11 
by the s 



for MiMini Mark 
i) method. 



I Ix&gt;n K 


h of 


soil columi 


. 14 centimeters. | 


1 
M"i-tur.- 


Linear 
decrease. 


Volume 


Moisture. 


Linear 


Volume 
decrvaw. 


Ptrcent. 




Per rent. 


ITrcrnt. 


Centimeter. 


l*r cent. 


59.0 


(i 





0.0 i 


JO. 9 


0.195 


4.1 


frl.O 




002 


.0 ! 




.292 


6.1 


4.V7 




002 


-0 , 


ll.H 


.888 


8.0 


40.4 




Oil 




10.8 


.444 


9.1 


37.4 




022 


5 t 


9.0 


.537 


11.1 


34.0 




028 


^6 


7.6 


.560 


11.5 


*Z8. 8 




078 


1.6 


6.7 


.864 


11.6 


22.3 




181 


3.9 
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From this table it is seen that for moisture changes over a wide 
range near the saturation point there is no change in volume. At 
about 40 per cent, however, there begins* a contraction in volume 

which continues down to 

*j the lowest limit to which 

* the drying was carried. 

Another curve was ob 
tained by the cathetome- 
ter method, the moisture 
content varying from the 
saturation point to well 
below the optimum. At 
the saturation end of the 

. curve no variation in vol- 

|O 20 30 40 50 6O 70 
PCX CC/VT Of MOISTURE 
FIG. 14. Volume-moisture results for Miami black 
clay loam by the cathetometer method. 
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X 
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\ 



ume occurred, but at about 
35 per cent moisture con 
tent a decided contrac 
tion began, which con 
tinued through the lower moisture contents. These data are given 
in Table XXI and figure 14. 

TABLE XXI. Volume-moisture relations for Miami black clay loam by the cathe 
tometer method. 



Moisture. 


Linear 
decrease. 


Volume 
change. 


Moisture. 


Linear Volume 
decrease. change. 


Per cent. 


Centimeter. 


Percent. Percent. 


Centimeter. Per cent. 


61.2 


0.0 


0.0 


28.2 


0.04 3.1 


51.8 


.0 


.0 


22.6 


.06 ; 4.6 


35.0 


.0 ! .0 


18.3 


. 08 6. 5 



& 



.90 - 

- 



Another set of results on the apparent specific gravity of the 
different samples is plotted in figure 15, from which it is seen that 
the results run parallel to the penetration data, as shown in figure 6. 
Thus, again the volume 
changes indicate that a 
change in the physical 
properties of the soil oc 
curs in the region of the 5^ 
optimum water content. &lt;: 
Results for Leonardtown loam. 

The data and curve for FlG 
a set of measurements on 
the volume changes in Leonardtown loam are given in Table XXII 
and figure 16. This curve does not show a marked change in direc 
tion at 15 per cent moisture content, and has been added for the sake 
of completeness to illustrate what may be expected in volume meas- 



15. Apparent-speciflc-gravity-moisture 
for Miami black clay loam. 
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urements on a soil of this nature. Numerous attempts to take meas 
urements of the volume changes were made with this soil, from which 
widely varying results were obtained. A few of the forms of curves 
resulting from different methods are plotted in figure 17, and show 
that the In havior of this soil is quite irregular. 

TAKI.K XXII. Volltme-mohtvre n lutiinix fur f.fniHirtltoirn loam lt\l the micrrt- 



Moisture. 


Linear Volume 
decrease, decrease. 


; Moisture. 


Linear 
decrease. 


Volume 
decrease. 










1 




7Vr rrnt. 


&lt; -nitimrier. 


I&gt;er rent. 


i /Vr cent. 


&lt; fiitiinticr. 


I*rr rfiit. 


33.0 


0.0 


0.0 


22. 6 


0.194 


6.35 


32.4 


.029 


.96 


20.6 


.209 


6.81 


30.0 


.097 


3.19 


17.3 


.227 


7.32 


29,2 


.119 


8.86 


15.9 


.MO ! 


7.46 


27.2 


.147 


4.79 


14.7 


.23.-V 


7.63 




.166 


5.38 


12. r, 


.239 


7.76 


24^2 


.176 


5. 77 


11.7 


.241 


7.90 


23. &lt;; 


.1H5 


fi. 03 









The variable conduct of thi^ soil may be attributed to its uncertain 
plasticity, due to the irregular distribution of day in the soil. As the 
soil dries out the particles stick together, and when drv the whole 
becomes cemented into a 
very hard and compact 
mass. This cementing of 
the particles interferes 
with whatever tendency 
the changing moisture con 
dition might have to alter 
the internal arrangement 
of the soil." 

Upon examination of the 
curves in figure 2, in which 
are plotted the penetration 
results of Puchner, it will 
be seen that the measure 
ments on clay samples show peculiarities very similar to those en 
countered in the present work. In the cases in which quartz and 
humus were in excess the penetration-moisture data all showed 
maxima in the curves. When kaolin was present in large amounts 
the penetration values increased steadily as the drying progressed, 
which action Puchner ascril&gt;ed to the plastic nature of the material 




Hi. Volume moisture result* for I.e. 
, &lt;(nm by the micrometer method. 



"The ul)joot of plasticity in clays lias loon discussed l&gt;y many writers, and 
reference s to a few of the more iiii|&gt;rt;iut treatises are here given : Schlosinn. 
Compt. rend.. 74, 14OS (187 2) ; 78, 127&gt; (1S74) : Jour, de I ajrrlculture. 9 IT, "M). 
W, 140. 171 (1874) Hilgard. Forwh. uuf dem Geb. Agr.-Phys.. 2, 441 (1879); 
van Hemmeleii. Landw. Vers.-Stat.. 85, C.O (18SH): Whitney. Rul. No. 4, 
Weather Hun-mi. 1*. S. I&gt;ept. ART. (ls&gt;-_&gt;). p. 27; Ries Clays; Their Occur- 
reuee, Proiwrties, aud Uses. New York, 11KM3. 
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and to the hard, cemented characti 




4 6 12 16 20 24 
PER CNT OF MO/STURE 

17. Volume-moisture results for Leon 
town loam by the soil column method. 



XXIV. In all cases there 
moisture content. 



which the soil assumed on dry 
ing out. It is evident from 
the penetration results for 
Leonardtown loam that 
when the sample is worked 
up into condition at the 
different moisture contents, 
t h e cementing action ac 
companying drying out is 
largely prevented. 

The apparent specific 
gravity curve shown in fig 
ure 18 was plotted from the 
data contained in Table 
XXIII. A similar set of 
data is given in Table 
is a well-defined minimum at 15 per cent 
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TABLE XXITI. Relations bctirccii penetration, apixirrnt specific &lt;/r&lt;tritit. and 
moisture for Lconarcltotni louin. 



Moisture, 
calculated 
on drv 
weight" of 
soil. 


Weight re 
quired for 
penetra 
tion. 


Apparent 
specific 
gravity. 


Moisture, 
calculated 
on dry 
weight of 
soil. 


Weight re 
quired for 
penetra 
tion. 


Apparent 
specific 
gravity. 


Per cent. 


Grams. 




Per cent. 


Grama. 




2.8 


77 


3.07 


15.0 


43 


0.828 


6.0 


59 


.980 


15.3 


46 


.822 


10.4 


48 


.865 


17.9 


46 


.828 


12.4 


49 


.841 


20.5 




.868 



TABLE XXIV. Relations between penetration, apparent specific gravity, and 
moisture for Leonardtown loam. 



Moisture, 
calculated 
on dry 
weight of 
soil. 


Weight 
required 
for pene 
tration. 


Apparent 
specific 
gravity. 


Per cent. 
1.8 
5.6 
11.0 
14.1 
17.3 


Grams. 
50 
40 
34 
34 
40 


1.01 

.812 
.695 
.690 
.723 



Results for muck. 

This soil proved to be well suited for measurements on volume- 
change by the soil column method, not only because it retained its 
form on contraction without developing large cracks, but also because 
it gave fairly large volume changes. The results of the series of val- 
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nes obtained for volume change with varying amounts of water by 
the soil column method are given in Table XXV. and shown graphic 
ally in figure 19. 

TABLK XXV. Volunn -tnnixhin relation* ff/r muck hji the ftoil cftlinnii inethoil. 



Moi.Mtuiv Unearde- 1 Volume de- 



Moisture I Linear de Volume &lt;! 
content. &lt; T. 



Percent. fentimrter. J-rr cent. Per cent. Cmtimritr. Per cm t. 

217.0 0.0 0.0 90.0 0.181 3.8 

.004 .1 S3. 4 .214 4.46 

154.0 .018 .33 ti7. .273 6.31 

138.0 .052 1.03 "&gt;1.1 .372 7.63 



From the curve it will be seen that l&gt;eginning at 217 per cent of 
moisture, which represents the saturation limit, there is very little 
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Km. IS.- Apparent-specino-Krnvity-moisture results for Leonardtown loam. 

decrease in volume over a wide range of moisture content. At 140 
per cent of water there is a sharp contraction in the volume which 
continues down to 45 per cent, the air-dry condition. 

A series of check results 
was obtained by the cathe- 
tometcr method, and is 
given in Table XXVI and 
figure 20. The results are 
quite like those obtained by 
the column method, indi 
cating that there is a large 
change Ix tween about 140 
per cent of moisture ami 
the air- drv condition. It Kl&lt;; " ^olnme-molrttiw 

&lt;-&lt;\\ column niftli.Ml 

follows that this soil ex 
hibits the same critical changes in physical properties at the optimum 
water content as were found in the other soils. 
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TABJ&gt;E XXVI. Volume-moisture relations for muck by the cathetometer method. 



Moisture 
content. 


Linear 
decrease. 


Volume 


Per cent. 


Centimeter. 


Per cent. 


210 


0.0 


0.0 


185 


.0 


.0 


16-1 


.0 


.0 


120 


.01 


.76 


84 


.03 


2.4 



60 



22O 



fiO 100 120 140 160 200 
9, ff/f CNr Of MOISTURE 

FIG. 20. Volume - moisture results for 
Muck by the cathetometer method. 



In figure 8 corresponding results for penetration and apparent 

specific gravity are given, the ab 
scissas being common to both 
curves. It will be seen that the 
two curves are similar, indicating 
that it is possible to work this soil 
into the loosest condition at 120 
per cent of moisture, at which 
point the soil is in the best pos 
sible agricultural condition. On 
the addition of water beyond this 
point the soil soon becomes too 
wet to be easily worked, as might be predicted from the rapid rise 
of the penetration curve. 

SUCCESSIVE WETTING AND DRYING. 
Objects of experiments. 

In studying the relation between volume change and moisture con 
tent one must consider what constitutes " natural " packing in the 
soil. It is known that there are large volume changes in soils under 
field conditions whenever the soil is dried or wetted. These volume 
changes render it highly improbable that the soil will stay in any 
condition of packing imposed by an external agency. It is a matter 
of common observation that when a soil is put into a loose condition 
by cultivation or other means and subsequently left undisturbed it 
will settle back in time nearly to its original volume. The relation 
between the change in volume due to settling and the change in vol 
ume due to a variation in moisture content was therefore investigated. 
Experimental methods. 

The methods of measuring the volume changes were the same as in 
the volume work described above. When the soil had gone through 
the process of drying out once it was wetted by capillary rise without 
in any other way disturbing it. A complete record of the volume 
measurements was obtained while the soil was drying out ; the total 
change in volume due to wetting was observed without obtaining 
measurements for the intermediate moisture contents. This cycle 
could be repeated any number of times, and the variation in soil vol 
ume due to continued wetting and drying could be readily followed. 
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Results for Miami black clay loam. 

The results of a set of measurements by the soil-column method 
for Miami black clay loam in which the original sample was in fairly 
loose condition are given in Table XXVII. For each cycle the vol 
ume decrease has been given in cubic centimeters and in per cent. In 
the last column is given the total volume decrease referred to the 
original volume. The separate curves are referred to the same 
standard for comparison, i. e.. the original volume of the sample. 

TABLK XXVII. Volume rhanycii for the continued tret tin;/ anil &lt;lr\iin&lt;i of a loouc 
sample of Miami blade loam. (Soil column mctlioil.) 







rhaiiK -- diirinir Total cliiuinc- I liiiiurr 


during Total c 
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from original wiwrH 
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Vol- 


Linear 
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Vol 


Linear 


Vol- 
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de- 


de- 


de- 


de- 


de- 


de 
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crease. 


c reuse. 


c refute. 
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crea.se. 




crease. 


&lt;rea.se. 


crease. 
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Cubic 


| Cubif I 


( ubif 




Cubic 




.!/ I ,,,,, 

cent. 


centi 
meter K. 


&lt; &lt;~nti- centi- \\ 
mrtrm. n 


Per \ Centi- (^nit- 
cent. 


centi 
meter* 


Cmli- 
mrtrrt. 


i-rnti- 
mttert. 




53. 2 


13.989 


0.0 


0.0 


0.0 


0.0 




- 




0.0 


0.0 


0.531 


10.5 




41.1 


13.989 


.011 


.2 


.011 


.2 




55. 6 


13.428 .011 


.9 


.572 


11.4 






13. 936 


.064 


1.3 


.064 


1.3 




51.4 


13.407 


.062 


1.3 


.593 


11.8 




25! 2 


13.904 


.196 


4.1 


.1% 


4.1 




37.2 




.096 


2.1 


.627 


12.6 




19.2 


13. 545 


.455 


9.3 


.455 


9.3 




31.8 


13. Six .151 


3.2 


.684 


13.7 




9.5 




.634 


12.9 


.634 


12.9 




22.1 


13.195 ; .274 


5.8 


.805 


16.3 




6.7 


13.316 


14.0 


.684 


14.0 




19.8 


13.131 


7.2 


.869 


17.7 












15.5 


13.000 


.469 


9.7 


1.000 


20.2 




59.0 


13.536 ! .0 


.0 


.464 






12.3 


12.858 .till 


12.5 


1.142 


23.0 




54.0 


13. "&gt;3I .002 


.0 


.466 


9.8 




9.4 


12.809 .660 


13.5 


1.191 


24.0 




45.7 


13.534 .002 


.0 


.466 


9.8 




7. 8 


12.7*i 


13. 8 


1.207 


24. 3 




40.4 




.011 


.2 


.475 


10.0 


















. 


13.514 


.022 


.5 


.486 


10.3 




59. 5 


13.282 


. 


.0 


.71* 


14.6 




34.0 


13.508 


.028 


.6 


.492 


10.4 




54.5 


13.271 


.011 


.08 


.729 


14.5 




28.8 


13. 458 


078 


1.6 




11.4 




40.0 


13. 153 


-t- .029 


+ .6 


.747 


15.2 




22.3 


13. 455 


. 181 3. 9 


!645 13.7 




32.4 


13.114 


.068 


1.4 


.786 


16.0 




20.9 


13.311 




4.1 




13.9 




21.0 


13. 107 


.175 


3.7 


.893 


18.3 




16.2 


13. 244 


. 292 6. 1 


.756 15.9 




19.3 


13.092 


.190 


4.0 


.908 


18.6 




11.8 


13. 1.53 


.383 8.0 


.847 17.8 




14.9 


13. 027 




5.3 


.973 


19.9 




10.8 


13.092 


. 444 9. 1 


















9.0 


12. 999 


.537 11.1 


LOW 


20.9 


I 56.0 


13.218 


.0 


.0 


.7S2 


15.9 




7.6 


12. 977 




11.5 




21.3 


5J 


34.8 


13. 151 


.067 


1.4 


.K59 


17.3 




6.7 


12. 972 


.564 


11.6 


1.028 21. 1 




13.071 


.147 


3.1 


.929 


19.0 


1 





















From the data for total volume change it can l&gt;e seen that there is 
a decrease in volume on drying out the wet sample. When the dry 
soil is wet again, there is an expansion, which is not, however, as large 
as the previous contraction, so that the total effect for the cycle has 
been to reduce the volume of the sample. The effect of continually 
wetting and drying a loose sample of soil is tatter seen from the 
curves in figure 21, which have been plotted from the data given in 
the above table. 

The volume decrease for the loose soil in drying from a saturated 
to an air-dry condition was about 14 per cent of the original. This 
change is represented by curve 1. On again wetting the dry soil, it 
still showed a volume of 10 per cent less than the original. If on dry 
ing out the second time the moisture content had IMHMI reduced as low 
as it was in the case of curve 1, the volume change would have taen 
about 12 per cent. This caij be seen by exterpolating curve 2 to a 5 
per cent moisture content. 
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The volume change from the original condition is about 23 per 
cent; hence at the end of this drying the soil occupies 77 per cent of its 
original volume. Likewise when this dry sample was wetted again, 
the expansion was less than the previous contraction, so that at the 
end of the second cycle the sample was packed still more. The differ 
ence, however, between states 3 and 2 is much less than between 2 and 
1. The volume occupied by the soil after the third wetting decreased 
13.8 per cent on drying out, which indicates that, although the sample 




10 15 20 25 30 35 40 45 SO 55 6O 
PER CAIT OF MOISTUflZ 

FIG. 21. Volume changes with successive wetting and drying of loosely packed Miami 
black clay loam. 

is packed more tightly, the contraction in passing from a saturated 
to an air-dry condition remains about the same. The results for the 
fourth and fifth dryings are represented by curves 4 and 5, and in 
general indicate that the changes due to successive wettings and dry 
ings are more nearly identical and that the sample is approaching a 
condition of " natural " packing. 

By the time curves 4 and 5 were obtained the soil column was in 
rather poor condition, owing to the fact that the cracks which formed 
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on drying were not repaired in the subsequent wetting, so that the soil 
column developed points of weakness which interfered with the 
measurements of the total volume changes. For a continued series 
of this kind the soil column method would not prove so satisfactory 
as a method in which the sample is contained in a dish and the height 
of the soil surface measured. The former method has. however, the 
distinct advantage of being rapid, since the surface exposed per gram 
of soil is relatively very much greater than if the sample were con 
tained in a cup. It is probable that the first three curves are more 
reliable than those obtained when the soil column was weakened bv 
cracks. 

These measurements on the continuous contraction of a loose sample 
of Miami black clay loam lead to the following conclusions: 

( 1 ) On drying and wetting a loose sample of soil there is a marked 
hysteresis effect in the volume changes, resulting in a total contrac 
tion in volume for a moisture-change cycle. . . 

(2) On successive wettings and dryings this hysteresis becomes less 
and less. When it disappears altogether, the expansion on wetting 
will be equal to the contraction on drying and a condition will have 
l&gt;een attained which may be designated a " natural " packing of the soil. 

(3) Curves 1, 2, and 3 show that within limits the contraction 
in drying from a saturated to an air-dry condition is not greatly 
dependent on the packing. 

Results for Muck. 

A sample of Muck in a 
loose condition was found 
to give similar results for 
successive wettings a n d 
dryings. The contraction 
on drying out the sample 
the first time was 29.2 per 
cent of the original vol 
ume. On wetting it in 
creased, however, only 7 
per cent : as the result, 
therefore, of one cycle the 
volume was 22.2 per cent 
less than originally. On 
drying out the second time 
the volume decrease was 7.0 per cent, which made a total volume 
decrease of 29.8 per cent. 

That the condition of natural packing in a soil does not represent 
the closest possible packing is evident from observations made on the 
successive wetting and drying of a very tightly packed sample of 
Muck. The soil, in a moderately moist condition, was closely packed 
into a cup and the change in volume with moisture content was fol- 
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lowed by the cathetometer method. The results stated in Table 
XXVIII are expressed in the same manner as in Table XXVII, 
except that when the volume of the sample becomes greater than in 
the original condition the total per cent decrease in volume is assigned 
a negative value. The original saturated condition is taken as zero 
on the percentage volume change scale, and increases and decreases 
in volume are figured down and up respectively from this point. 
The results are more easily appreciated from the corresponding curves 
in figure 22. The curves have been numbered in the order of the 
successive dryings. On drying out the original sample the usual 
volume contraction is noted. The direction of the change (not the 
actual path) on wetting is indicated by the arrows on the dotted 
lines. In this case the expansion on wetting was greater than the 
previous contraction, and at the end of cycle 2 the sample is in looser 
condition and occupies a greater volume than at the end of cycle 1. 
Curve 2 again shows a contraction on drying and a much greater 
expansion on wetting. Curve 3 also shows the usual contraction on 
drying. 

TABLE XXVIII. Volume change* for the continued wetting and drying of a 
closely packed sample of Muck (cathetometer method}. 



! 
Moisture Linear 
content. decrease. 


Volume Difference 
decrease, in volume. 


Total 
volume 
decrease. 


Per cent. ( rntimrtcr. 


Per cent. Per cent. 


Per cent. 


205.0 


0.0 


0.0 0.0 


0.0 


179.0 


.0 


.0 .0 


.0 


158. 


.0 


.0 .0 


.0 


120.0 


.0 


.0 .0 


.0 


86.0 


.05 


3. 98 . 


3.98 


195.0 


.0 


.0 -1.32 


-1.32 


175.0 


.01 


.70 .0 


- .56 


123.0 


.01 


.76 .0 


- .56 


105.0 


.03 


2.39 .0 


+1.05 


92.5 


.04 


3. 13 .0 


+ 2.08 


75.0 


.04 


3. 13 .0 


+2.08 


64.0 


.05 


3. 98 .0 


+2.66 


210.0 


.0 


.0 -9.8 


-9.80 


185.0 


.0 


.0 .0 


-9.80 


164.0 


.0 


.0 .0 


-9.80 


120.0 


.01 


.76 .0 


-9.04 


92.0 .02 


1.68 .0 


-8.22 


84.0 


.03 


2. 39 . 


-7.41 



In comparing this with the curves representing the continuous 
changes in a loose sample (fig. 25) the effect of continued wetting and 
drying is seen to be in an opposite direction. It is possible therefore 
to pack a soil so tightly that on continuous moisture changes the 
volume will increase. This hysteresis effect will cease when the ex*- 
pansion due to complete wetting just equals the contraction due to 
drying out to the air-dry condition, and the soil will then be in the 
state of natural packing. It has been suggested that within narrow 
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imits the change in volume on contraction was not greatly dependent 
&gt;ii tlu packing. If this were not the case the influence of packing 
vould have to be considered in measurements, such as were made by 
IVollny and others, on the " total volume change due to wetting and 
Irving. It has been made clear that unless the condition of natural 
Ducking is realized the volume decrease in drying will not be the 
une us the increase in the subsequent wetting. That the volume 
hanges obtained by previous investigators (see Tables XIV and XV) 
&gt;ii wetting a soil were different from those obtained for the same soil 
&gt;n drying was no doubt due to the fact that the samples wen- not in 
the condition of natural packing and that the hysteresis effects de 
scribed above were encountered. 

RATE OF EVAPORATION. 
RELATION OF BATE OF EVAPORATION TO MOISTURE CONTENT. 

Experimental methods. 

Since vapor pressure, and hence rate of evaporation, varies with 
temperature, reliable results could be obtained only when the meas 
urements were made at constant temperature. A large air thermostat 
was made for this purpose. In order to cut down radiation the walls 
were built double. The heating was done by electric lamps controlled 
by the Geer" form of electric thermo-regulator. The air was thor 
oughly stirred by means of a fan. driven from the outside by a motor. 
By means of this device the temperature could be maintained con 
stant within 0.1 C. In order that the humidity might remain con 
stant during evaporation the samples were put in desiccators over a 
relatively large surface of 95 per cent sulphuric acid, which main 
tained a partial vapor pressure of 0.1 millimeter mercury at 25 C., 
the temperature of the thermostat. 

Thus by regulating the temperature and consequently the vapor 
pressure the conditions for evaporation were controlled satisfactorily. 

The method consisted of wetting to its saturation point an amount 
of soil equivalent to 20 grams of dry material. The weight of the 
bottle and soil was determined initially and at frequent intervals 
during the process of drying out in the desiccator. From the loss in 
Bright and the time between successive weighings the rate of evapor 
ation was calculated. From the observed weight of the soil and 
bottle and the dry weight equivalent of the soil, the moisture content 
a i the time of weighing was calculated. The calculated rate of 
evaporation was based on the mean water content prevailing over 
tin- time in which the loss was occurring, i. e.. the mean of the 
nmisture contents calculated from two successive weights. 

lour. Phys. Chem.. 6, 85 (1902). 

I ndor these conditions tho rate of evaporation from a dish of water should 
of course be constant. This was tried experimentally with satisfactory results. 
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Results for Podunk fine sandy loam. 

A series of measurements on the rate of evaporation for Podunk 
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FIG. 23. Rate-of-evaporation-moisture results for I odunk fine sandy loam. 



28 



fine sandy loam is given in Table XXIX, and is represented graphic 
ally in figure 23. 

TABLE XXIX. Rate of evaporation from Podunk fine sandy loam over 95 per 
cent sulphuric acid at 25 C. 



Mean 
moisture 
content. 


Time in 
terval. 


Los., 


Loss 
per hour. 


Mean 
moisture 
content. 


"-. ,- Lo. 


Loss per 
hour. . 


Per rent. 


Hours. 


Gram. 


Gram. 


Per cent. 


Hours. Gram. 


Gram. 


27.4 


19.5 


1.0450 


0. 0530 


8.7 


14.5 ! 0.7140 


0. 0492 


24.2 


4.5 


. 2362 


.0525 | 


5.8 


9.9 ! .4712 


.0476 


21.3 


IS. 7 


. 9210 


.0493 


2.4 


4. . 1732 


. 0433 


17.8 


9.3 


.4595 


.0494 1 


1.7 


2. . 0719 


.0359 


14.8 


15.3 


. 7495 


.0490 


.9 


11.0 .2445 


.0222 


12.0 


9.9 


.4864 


.0490 


* 


2.0 .0097 


.0049 



The measurements on the rate of evaporation were begun when 
the soil held 28 per cent of water. The first evaporation was prob 

ably from the surface 
alone, so at first there is a 
small decrease in the rate 
as the water begins to 
evaporate from the pore 
spaces. Beginning at 22 
per cent of Avater and ex 
tending over a wide range 
the rate of evaporation re 
mains quite constant. At 
about 6 or 7 per cent a 
change takes place, for the 



FIG. 24. Rate-of-evaporation-moisture results for 
Miami black clay loam. 



tillUCS to fall rapidly as 

e .* 

the percentage of moisture 
decreases. Again, there is an obvious change in the physical proper- 
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Results for Miami black clay loam. 

On account of the high water content at the optimum in this soil 
the rate of evaporation method was exceptionally well suited to fur 
nish a comparison of the soil condition at different water contents. 
The optimum for Podunk fine sandy loam lies so low that the change 
in the curve for the rate of evaporation might be supposed to In- due to 
the relatively dry condition alone. In the present case the optimum 
lies al&gt;out . JO per cent above the air-dry condition, so that changes in 
the character of the curve for rate of evaporation will IK* more sig 
nificant. The data for 
this curve were obtained in 
the same way as for Po 
dunk fine sandy loam. 
The data and the graph 
ical representation are 
given in Table XXX and 
figure 24. 

The evaporation curve 
which was started near &lt;&gt;0 
per cent i&gt; horizontal for 
about 20 per cent decrease 
in moisture content, show 
ing a uniform rate above 
the optimum. At about 

40 per cent, however, it gradually changes direction, the rate of evapo 
ration falling. 
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TABI.K XXX. Rate of evaporation f 

X !///&lt;// II I l 



tin Miami black 
acid at 1~&gt; ( . 



ver .). &gt; per cent 



"5-U- 


Lou*. 


LOSS |HT 

hour. 


Mean 

moisture 
content. 


Tim- 
interval 


Percent. Hi.iir^. &lt;inin&gt;. 


Grnm. 


PIT cent. 


llnur*. 


58.5 


16.7 0.8198 


0. 04 J1 


29.7 


7.0 


55.4 


9.3 ! 1171 


.0481 


26.9 


17.0 


52.4 


15. 17 


.7422 


.0489 


22.1 


24.0 


49.4 


9.9 


;- 


.04H5 


17.1 


24. 


46.4 


14.5 


.7155 


.0493 


12.9 


26.25 


43.4 


9.9 


.4808 


.0186 


9.5 


22. 25 


41.0 


11.0 


. 5427 


.0492 


6.7 


24.5 


37.5 


11.0 Mil 


.04N3 


5.1 


22. 75 


36.4 


6.5 


.0477 


3.7 


23.75 


32.6 17 :. 


.0474 


2.7 


24. 25 



(irnm. 

0. 3321 
.7964 

1 . OS79 
. 9109 
.810M 
. 5716 
. 4(194 

.saw 

.2136 
.1470 



&gt;oss per 
hour, i 



&lt;iram. 

0.0471 
.0468 
.0453 
.0379 
.0309 
.0257 
.0192 

.OI:M 

.0090 
.0061 



For Miami black clay loam the studies in penetration, apparent 
specific gravity, and rate of evaporation all indicate that the critical 
moisture content which determines the physical properties of thi* soil 
lies l&gt;etween 35 and 40 per cent, which also is the optimum water con 
tent of the soil. 
Results for Leonardtown loam. 

The measurements of rate of evaporation from Leonardtown loam 
are given in Table XXXI and figure 25. 
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It has been shown that for this type of soil the volume relations 
at the optimum water content do not permit of very satisfactory con 
clusions. However, the penetration and evaporation measurements 
show critical changes at about 15 per cent of water, the optimum 
water content of the soil. 

TABLE XXXI. Tialc of evaporation from Lconardtown loam over 95 per cent 

ric acid at 2.1 f. 



Mean 

moisture 
content. 


\ imt&gt; 
interval. 


Loss. 


Loss per 
hour. 


^can^: T . mc 
content. interval - 


i ,,,. l-ioss per 
hour. 


Per cent. 


L ours. 


Gram. 


Gram. 


Per cent. Hours. 


Gram. 




28.2 


19.0 


0. 9770 


0.0517 


10. 7 24. 5 


1 1963 


0488 


24.9 


7.25 


.3555 


.0490 


5.5 i 22.75 


.9193 


.0404 


21.6 
16.4 


] 9. 25 
22.0 


.9538 
1.0962 


.0495 
.0498 


2. 24. 25 
.7 | 24.16 


. 4560 
.0904 


.0188 
.0037 



Results for muck. 

The results for this soil are given in Table XXXII, and have been 
plotted in figure 26. When the soil in a very wet condition was put 



2.030 



20 40 60 8O 100 120 140 160 ISO 

FIG. 26. Rate-of-evaporation-moisture results for Muck. 

over sulphuric acid in a desiccator there was at first a rapid drop 
in the rate of evaporation corresponding to the decrease as in the 
previous cases studied. The curves, however, indicate that for a 
wide change in moisture content it exhibits very little change in 
the rate of evaporation. At about 120 per cent there is a rapid 
decrease in the rate of evaporation, indicating that the critical mois 
ture content has been reached. This decrease continues down to 30 
per cent, at which point measurements were discontinued. 
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TAIILK XXXII. Rate of rri//&lt;/ itin frnm unn-l; uvcr 9-i per cent Hulphuric acid 

at 25 C. 



Mean 

molMuiv 

ciillti-IK. 


Ttme 
interval. 


LOM. 


LOSS JXT 

hour. 


Mean 

mulMiire 

content 


Time 
inU-rval. 


LOM. 


hour. 


I fr crnt. 


//our*. 


Gram. 


Gram. 


Per cent. 


Hour*. 


(rrumg 


(frnm. 


1W 


9.5 


0. 63T.2 


0. OU19 


110 


24.0 


1.8288 


0.0551 


188 


15.2 


.9590 


.0632 


95 


24.0 


1. 211*0 


.0505 


174 


9.85 


.5905 


.0600 


84 


26.3 


1.2332 


.04C,9 


168 


14.5 


. H639 


.0596 


74 


22.1 


. 9:529 


.04-23 


154 


10.0 


.5X13 


.05H1 


60 


24.3 


.93KX 


.03X7 I 


147 


13.0 


.7474 


.0575 


62 


23.0 


.8352 


.0363 


141 


6.5 


.3744 


.0576 


44 


24.0 


.7958 


.0331 


135 


17.5 


.9*93 


.0566 




24.0 


.7372 


.0807 


121 


17.0 


.9591 


.0564 




.6851 


.0279 ! 



MOISTURE DISTRIBUTION. 
MOISTURE FILMS. 

When to a dry soil a very small amount of water is added by put 
ting the sample in an atmosphere saturated with vapor, there will \H* 
a direct condensation on the soil grains, and water will IM&gt; held partly 
or entirely in thin films on the surface of the soil particles. Owing 
to an attraction between the particles and the water at the surface, 
this absorbed moisture is held with very great force, and the wetting 
of the soil grains is accompanied bv an energv change of considerable 
magnitude. On wetting a mass of dry soil the formation of this 
film in the manner stated is accompanied by another effect due to the 
contact of soil grains. The films merge, so that a number of soil 
gniins may be considered as being covered by one continuous film, 
and pulled together at the points of contact by the tension of the 
connecting film. Considering for the moment the formation of the 
films around the grains, it is evident that as more water is added to 
the soil and the films get thicker a point will l&gt;e reached where the 
surface attraction of the soil particle is no longer strong enough to 
retain more water, since the surface force decreases rapidly as the 
distance from the surface increases." 

Before this point is reached, however, the thickness of the water 
tihn&gt; at the point of contact l&gt;etween the grains has IXHMI increasing 
owing to the film tension at the points of high curvature in the angles 
between the grains." The thin, wedge-shaped angles between the 
gniins will act then as capillary spaces and help to hold water. Since 
tin surface films and capillary films merge, it is impossible to dis 
tinguish l&gt;etween them. The forces exerted by these films determine 

"Bakker, Belt. phys. Chem., 66, !I6 (11)06). 

Rul. No. 10. Bureau of Soils, U. S. Dept. Agr. (1807). 
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the changes in the internal arrangement of the soil particles and the 
physical characteristics of the soil. 

EFFECT OF MOISTURE DISTRIBUTION ON VOLUME CHANGES. 

When a soil is saturated with water the pore spaces are filled. As 
suming that these soil capillary tubes are continuous and of uniform 
diameter, the capillary force holding the water is equal to the pull in 
an ordinary capillary tube of a similar size. In comparison with the 
capillary spaces occurring at the contact of the soil grains, these 
tubes are large, so that the capillary force exerted by them is rela 
tively small. Since the water in the large spaces is not held by great 
force, it will be the first to evaporate and will have but little effect in 
changing the arrangement of the grains. As evaporation proceeds a 
point will be reached where the water begins to evaporate from the 
fine capillary spaces, which include the angles between the soil grains. 
At this point the forces of film tension become more noticeable. As 
the water held between the soil grains diminishes and retreats farther 
and farther into the angles, the surface film stretches, increasing the 
film tension and pulling the soil grains inclosed by it still closer to 
gether, thus producing a contraction in the volume occupied by the 
soil. The point where the effective film forces are just sufficient to 
cause changes in the internal soil arrangement will be designated the 
" critical moisture content." As evaporation continues still further 
the surface films around the grains and the capillary wedges held 
between the grains become thinner. The surface film forces continue 
to increase; hence the volume should steadily decrease until the soil 
reaches an air-dry condition. 

It is evident from the data given for the volume changes in Podunk 
fine sandy loam that the above consideration is substantiated by ex 
perimental facts, and even more strongly by the volume changes 
observed with the other soils. Take, for example, Podunk fine sandy 
loam with about 14 per cent of water. At this point the large pore 
spaces contain considerable water, and as the soil dries out this water 
will be the first to disappear. Since the large capillary tubes consti 
tute a relatively large part of the soil space available for water, they 
will hold a considerable percentage of the water when the soil is 
saturated. This will be particularly true in this soil, a sand, where 
the single intergranular spaces are large, owing to the size of the soil 
particles. The withdrawal of water from the larger pore spaces will 
therefore cause a large decrease in the moisture content of the soil. 
When the moisture content of the soil is about 6 per cent, the critical 
water content is reached and a change in volume begins. 

It will be remembered that for volume changes in Podunk fine 
sandy loam a large volume contraction occurred between 33 and 18 
per cent of water, between which limits the soil is too wet to ascribe 
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the variation to the tension of the surface films. As the measure- 
i lents were made on fairlv loose samples of soil, it is quite possible 
that this volume change was caused simply by a gradual settling of 
i he wet soil particles. When wet l&gt;eyond a certain point a sand lx?- 
i omes incoherent. The soil aggregates seem to break down and the 
grains slip easily over one another, the excess of water acting as a 
lubricant and reducing the friction between the grains. It is pos- 
.-ible that the volume changes occurring near the saturation point may 
also, in part, be due to a tendency of the free water to buoy up the 
oil grains and in this way decrease the packing of the grains by 
owering the effective specific gravity of the individual grains. As 
ihe wet soil dries out. this tendency decreases and vanishes at a con 
tent of water a little below the saturation point. 

The larger volume changes due to addition of water in clay soils is 
sometimes attributed to the presence of large amounts of colloidal 
naterial, which is supposed to imbilx? the water and swell like starch 
grains. This view can easily be brought into agreement with the 
ibove theory of volume change. The question of absorption in a cell 
las l&gt;een quite fully considered by Kauffler" and it has been shown by 
Patten that absorption with imbibition can be considered as a special 
2ase under absorption. For our purpose, therefore, it makes no dif 
ference whether the volume change is due to action on the exterior 
surface of the particles or to imbibition accompanied by an increase in 
size of the particles. In the case of a peat soil, for example, it seems 
entirely reasonable that on account of the nature of the material a 
large change in volume is due to imbibition and swelling of the cells. 
There is no reason why a similar view should not lx&gt; held for clay, 
although here it is quite possible to explain the phenomena without 
recourse to this idea. The volume changes in clay are very much 
greater than in sand. On account of the large ditference in soil sur 
face in a similar volume of the two classes, we would also expect the 
capillary and film effects in clay to lx&gt; very much greater. The pro 
portion of the relative areas exposed by equal volumes of very fine 
sand and of clay may be as great as 1 to 300, a difference which is 
quite sufficient to explain the large differences in volume changes in 
the two soils, on the basis of surface absorption and surface tension. 

EFFECT OF MOISTURE DISTRIBUTION ON PENETRATION. 

Having shown that volume changes in soils can lx&gt; explained on the 
basis of the forces exerted by the capillary and surface films around 
the grains, and that the critical water content for volume-change and 
that for penetration are identical, it remains to be seen how the alx&gt;ve 
considerations regarding the distribution of water in the soil explain 
the phenomena observed in the penetration experiments. 

Zelt phys. Chem., 48, 086 (1903). 
"Trails. Am. Electrochew. Soc., 11 (1907). 
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Consider first the case of penetration untle r conditions of Iccae 
structure. The variations in the penetrability of the soil were attrib 
uted to the ability of the soil grains to arrange themselves into aggiv- 
gates. In a dry soil the cohesion between the grains is that of one 
dry, solid body for another, and is readily seen to be small. The 
particles are thus quite free to move each other and tend to settle 
down into a compact condition. When a small amount of water is 
added to the soil, it gathers over the surface as films and settles into 
the angles between the soil grains. The cohesion of the soil particles 
increases and the action of surface tension promotes the formation 
of floccules and increases the possibility of building up the soil into 
a loose structure. As more water is added the thickness of the films 
and the amount of water held in the angles between the grains in 
crease, the cohesion increases, and the soil responds better to culti 
vation. This effect reaches a maximum when the amount of water 
that can be held in this way reaches a maximum, and will be indi 
cated by the fact that a minimum amount of force will be necessary 
to penetrate the soil sample. Since the loosely arranged soil grains 
in this condition occupy the smallest possible percentage of the total 
volume of the soil, the remainder of volume being taken up by air, 
the resistance to the introduction of a penetrating tool is a minimum 
at this point. 

The further addition of water beyond the critical moisture content 
begins to fill up the larger pore spaces and to flood the soil. The soil 
aggregates begin to break do\tn, thereby increasing the force neces 
sary for penetration. This is shown by a gradual rise in the penetra 
tion curve beyond the minimum. Parallel results are, of course, indi 
cated on the apparent specific gravity curves. The variations in pen 
etration with moisture content is therefore related to differences in 
thp distribution of water in the soil. 

This same theory of soil moisture distribution accounts for the 
penetration results obtained by the Puchner method, where the criti 
cal water con tent i or penetration was indicated by a maximum. As 
dry soil was packed into the containing vessel, the sample can be 
considered to represent a " single grain structure." The wetting oi 
this dry sample must have been accompanied by an increase in vol 
ume, wfyich caused an upward movement of the soil surface and a 
horizontal thrust upon the sides of the vessel. This acted as a pack 
ing force to the already close arrangement. The wetting of the soil 
also caused an increase in cohesion, as has been pointed out above. If 
the penetration measurements, therefore, had been made first on the 
dry sample and then on the sample corresponding to the maximum 
cohesion, there should be noted an increase in the penetration value. 
When a soil is saturated with water, the flotation effect tends to sus- 



&gt;end the particles and decrease the packing. The excess of water, 
vhich renders the soil incoherent, acts as a lubricant, and increases 
he ease with which the soil grains slide over each other. At satura- 
ion this effect is greatest, so that the resistance to penetration is 
east. As the percentage of water decreases, this effect decrease s, and 
he penetration values rise as shown by the curves. When the water 
lisappears from the larger pore spaces, the critical moisture content 
md the point of maximum cohesion is reached, at which point the 
ticking effect due to wetting the soil in a confined space is still in 
force so that the penetration value is high. As the amount of water 
further decreases there is a decrease in volume due to drying as 
il ready shown and a corresponding diminution of this horizontal 
thrust on the walls of the dish which causes a decrease in the pene 
tration value. Therefore for a soil sample treated in this way the 
maximum force required for penetration is necessary at the critical 
moisture content. In the case of Podunk fine sandy loam the occur 
rence of the critical point in the penetration-moisture relations in 
both methods of measurement at about (&gt; per cent of moisture is not a 
mere coincidence, but is due to the same fundamental forces exerted 
by a certain quantity of soil moisture in its distribution upon the soil 
particles. 

The change in the physical properties of a soil may be referred to 
one particular percentage of water only in case the distribution of 
the water in the soil is entirely uniform, which condition of course 
does not occur ordinarily. The distribution of water is affected in 
some measure by the size of the grains, irregularities in packing, 
gravity, and other variables which can not be controlled. The condi 
tion which has l&gt;een deseril&gt;ed as influencing the internal arrangement 
of the soil grains can not then tx&gt; correctly ascribed to a single point 
in the moisture variation, but must l&gt;e considered as operating over 
a more or less narrow range of moisture content and subject to slight 
variation from sample to sample of one soil. Also, the measurement 
of this range may give slightly different results, depending on the 
method used. From a theoretical point of view the variation in 
range due to differences in the conditions prevailing does not detract 
from the value of the results or of the conclusions reached, since the 
cause of this variation is clear. 

EFFECT OF MOISTURE DISTRIBUTION ON RATE OF EVAPORATION. 

A further confirmation of the view that the content of soil moisture 
determines the physical properties of the soil is furnished by the 
investigation on the rate of evaporation of soil water from soils con 
taining different percentages of water. It has been pointed out that 
a great difference must exist lx?tween the forces with which the water 
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is held in the larger pore spaces and in the papillary angles between 
the grains. From this the conclusion follows that there must be a 
corresponding difference in the rate of evaporation. 

As the water evaporates out of the larger pore spaces, the rate of 
evaporation will be determined by diffusion and by the forces of 
capillarity. Since a considerable quantity of the total soil water is 
held in the larger pore spaces and since the capillary pull in these 
spaces is not great in comparison w T ith the forces exerted in the fine 
angles between the grains, the influence of capillarity upon evapora 
tion from the large spaces will be relatively small. In relation to the 
rate of evaporation much of the intergranular space can be considered 
to be of the same order of magnitude, for which reason the rate of 
evaporation over a considerable range will not decrease very rapidly 
while the soil is drying out. As the evaporation continues the water 
held in these pores will disappear, and the soil water will be distrib 
uted almost entirely in the fine capillary angles between the soil 
grains and on the grains as films, where the greater capillarity holds 
it more strongly. Below this critical moisture content there will be a 
gradual falling off in the rate of evaporation, due to the increasing 
attractions between the water and the soil, causing a lowering of the 
vapor pressure of the absorbed films. Where the thickness of the 
film is such that the surface attraction just begins to cause a loAvering 
in the vapor pressure of the film, the equilibrium point between the 
soil moisture and a saturated atmosphere of water vapor is reached, 
and in such an atmosphere no further evaporation of water from the 
soil grains takes place. In the open air, however, we are not dealing 
usually with a saturated atmosphere, and so evaporation will continue 
from the soil, but under constantly decreasing vapor pressure of the 
absorbed water, which in turn will cause a corresponding decrease in 
the rate of evaporation. When the vapor pressure of the soil films 
corresponds to the partial pressure of the moisture in the atmosphere, 
evaporation will cease, equilibrium having been reached between the 
vapor in the air and the film water. 

Below the critical moisture content there will be a decrease in the 
rate of evaporation due, first, to slower diffusion of the water vapor 
from the finer capillary spaces, and, second, to an increase in the 
film tension accompanied by a decrease in the vapor pressure of the \ 
film water. These two effects merge gradually one into another, so 
that a smooth curve showing the decrease in evaporation is the result, 
the rapid decrease in evaporation beginning when the water in the 
larger pore spaces has nearly disappeared. 

CRITICAL MOISTURE CONTENT AND MOISTURE EQUIVALENT. 

That there is a connection between the critical moisture content 
and the distribution of soil moisture follows, also, from recent work 



done in this Bureau." By means of a centrifugal machine a wet soil 
sample was subjected to a force about tt.OOO times that of gravity, 
which tended to throw the water from the soil. Kven when sub 
jected to such a force it was impossible to reduce the soil sample to 
an approximately dry condition; in fact, the resulting soil sam 
ples contained enough moisture to correspond to good field condi 
tion. It is evident from this that part of the water is held in the 
soil by very strong forces. The only moisture removed from the soil 
was that held in the larger pore spaces. When the moisture content 
of the soil is reduced to the point where the water is held in the 
form of films and as capillary water between the soil grains, it is 
retained more tenaciously. It was also pointed out that the amount 
of water removed from the soil is not directly proportional to the 
centrifugal force used; that is, the soil can be reduced from very wet 
to a medium condition by a relatively small force. If at this point 
the speed lie doubled, which means that the centrifugal force will be 
quadrupled, the further reduction of moisture content is compara 
tively small. This is in agreement with the conclusions reached from 
the present studies on the rate of evaporation from -oils. Instead 
of measuring the retentiveness of the soil in terms of centrifugal 
force, here the effect of such a retentiveness on the rate of evapora 
tion has been measured. When the soil moisture is held in the larger 
pore spaces, the rate of evaporation is fairly constant and not verv 
much less than would be* obtained under similar conditions from a 
free water surface. In other words, the retentiveness of the soil is 
not very great as indicated by the rate at which that part of the &gt;oil 
moisture evaporates. However, when the critical moisture content 
is reached, the rate of evaporation immediately begins to decrease, 
indicating that the soil water is held by greater forces in the finer 
capillary spaces. As the water surfaces retreat farther into the angles 
between the grains and the films on the grains become thinner, the 
forces holding the soil moisture in place increase: this in turn pro 
duces a decrease in the rate of evaporation. The resnlts obtained by 
the centrifugal method agree with the rate of evaporation results, 
indicating the point at which the larger soil forces come into play. 
To compart 1 these two methods of studying the distribution of soil 
moisture one may use the measurements of Briggs and McLane on 
Norfolk fine sandy loam and the measurements alx&gt;ve recorded on 
Podunk fine sandy loam. The Norfolk fine sandy loam very closely 
resembles the Podunk fine sandy loam in its physical characteristics. 
This similarity is shown in part by the comparison of the mechanical 
analyses of the two soils given in Table XXXII. 

Briggti anil Mc-Lauo. Hul. Xu. :.. P.mv.-iu ..f Soils. I. s. !&gt;,], t. Agr. i 1907). 
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TABLE XXXIII. Mechanical analyses of Podunk fine sandy loam and of 
Norfolk fine sandy loam. 



Soil. 


Fine 

gravel, 
1 to 2 


Coarse 
sand, 
1 to 0.5 


Medium 
sand, 
0.5 to 0.25 


Fine 
sand. 
0.25to0.1 


Very fine 
sand, 
0.1 to 0.05 


0.05 to 
0.005 


Clay, 

0.005 toO.O 




milli- 


milli- 


milli- 


milli- 


milli- 


milli- 




















Norfolk fine sandy loam 
Podunk fine sandy loam 






0.5 




4.8 
1.0 


54.6 
47.6 


13.4 
30.4 


18.1 
18.8 


8.5 
2.2 



From this comparison it is seen that both soils contain a larger 
percentage of fine sand than of any other separate and that the quanti 
ties in the two soils are comparable. The Podunk soil contains 
somewhat more very fine sand than the Norfolk soil. The amount of 
silt is the same in both cases, but the amount of clay in the Podunk 
fine sandy loam is less than in the Norfolk fine sandy loam. By 
means of the centrifugal method the " moisture equivalent " was 
found to be 6.5 per cent of moisture. The critical condition of soil 
moisture for Podunk fine sandy loam, determined by the rate of 
evaporation method, was found to be 6 per cent, which is in agree 
ment with the critical moisture value for "this same soil as determined 
from the penetration and volume-change studies. The value ob 
tained from the similar Norfolk fine sandy loam by the centrifugal 
method is just a little higher, which may easily be attributed to the 
higher clay content of that soil, since we know that the clay in a soil 
exerts a large influence on its Avater-holding power. As no deter 
minations are available for the " moisture equivalent " of Muck 
or of the Miami black clay loam, there is no basis for comparison of 
these results. It is possible, however, to compare the sample of Leon- 
ardtown loam used in our investigations with a Hagerstown silt loam 
and a Clarksville silt loam, studied in the centrifugal work of Briggs 
and McLane. 

A comparison of the mechanical composition of these three soils is 
given in Table XXXIV. 

TABLE XXXIV. Mechanical analyses of Leonardtown loam, of Clarksville silt 
loam, and of Hagerstown silt loam. 



Soil. 


Or 
ganic 
matter. 


Gravel, 
2 tol 
milli 
meters. 


Coarse 
sand, 
1 to 0.5 
milli 
meter. 


Medium 
sand, 
0.6 to 0.25 
milli 
meter. 


Fine 
sand, 
0.25 to 0. 1 
milli 
meter. 


Very fine 
sand, 
0.1 to 0. 05 
milli 
meter. 


Silt, 0.05 
to 0.005 
milli 
meter. 


Clay, 

0.005 toO.O 
milli 
meter. 


Leonardtown loam ... 




0.1 


1.2 


0.9 


3.1 


6.4 


70.9 


16.7 


Clarksville silt loam.. 


1.2 


1.2 


1.4 


.9 


2.0 


5.6 


73.2 


14.8 


Hagerstown silt loam. 


1.0 


.3 


.6 


1.5 


9.1 


10.5 


60.3 


17.4 



Clarksville silt loam more closely resembles the Leonardtown loam 
than does the Hagerstown silt loam. In all of these soils silt is in 
excess, varying from 60.3 to 73.2 per cent for the three soils. As 
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regards this point, the Leonardtown and the Clarksville soils are 
closely comparable. The clay contents are alxmt the same, being 
slightly higher in the Ilagerstown silt loam. The "critical moisture 
centent " was found to be about 15 per cent for the Leonardtown 
loam. The " moisture equivalent," as determined by the centrifugal 
method, for the Clarksville soil was 15.1 and for the Ilagerstown 
sample 1&lt;.5. From the close similarity in the mechanical composi 
tion and in the moisture values given, it would appear that the 
critical moisture content corresponds to the moisture equivalent as 
determined by the centrifugal method, as well as to the optimum 
water content, as determined by plant growth and cultural practices. 

OPTIMUM WATER CONTENT AS REGARDS PLANT GROWTH. 

The usual definition of optimum water content is that amount of 
water in the soil which is l&gt;est suited to plant growth. But no 
emphasis has Ix-en placed on this during the course of the previous 
discussion, where it has lxen spoken of more often as the amount of 
water determining the best physical condition of the soil. It can lx&gt; 
shown that the amount of water determining the best physical condi 
tion of the soil is generally the amount of water most favorable to 
plant growth. In this connection some evidence is given by Hein- 
rich," who determined the amount of water present in the soil when 
wilting of plants begins. In the six soils used determinations were 
made of the point of saturation, of the moisture content at which 
plants wilt, and also of the hygroscopic water content. This last was 
done by spreading the soil on a watch glass and exposing it for a week 
to an atmosphere saturated with water vapor. The results of this 
investigation are given in Table XXXV. 

TAUI.K XXXV. Itclatitm bi tirccn hygroscopic nn&gt;ixtnrr nnitcnt and inoiMtiu C 
ciriitfnt at irtiicfi plant* bi fiin to icilt. acc&lt;intin&lt;/ 1&lt;&gt; ffcinrit h. 



Soil. 


Water con 
tent at 
saturation. 


$?r 


^iir 




Percent. 
26 "&gt; 


Per rent. 


I rr vw/. 
1 *&gt; 


Me.iium fertile vMnlen soil 


43.9 


1.6H 


4.6 


hi fertile saticlv muck 


41 4 


97 


6 2 




43 3 


J 40 


7 X 


Very fertile calcareous soil 


38.3 


3. r&gt;5 


9.8 


Peat soil 


274 


20 ; 


49 7 











From this table it is evident that hygroscopic water is not sufficient 
to supply the needs of a plant, but it indicates also that the plant 
can exist on a relatively small amount of water. In comparison 
with the moisture content at which wilting occurs, the amount pres- 

Zweiter Her. Laiidw. Vere.-Stat Rostock, 181M, 19. 
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ent in the soil at the critical moisture content is large indeed, and 
seems to be entirely sufficient for good plant growth. A possible 
objection is that the optimum water content is not the same for all 
plants, but from the above consideration it is evident that at the 
critical water content enough water is present for a good, if not an 
optimum, plant growth. In further experiments on two soils in 
continuation of the experiments just described the wilting points 
were determined for a large number of field crops. These results 
are given in Table XXXVI. 

TABLE XXXVI. Moisture content nt wliicli tcilthifj bcyi-nx for tiro soils, accord 
ing to Hcinrich. 



Plant, 


Moisture content i?t 
which plants begin 
to wilt. 


On calca 
reous soil. 


On peaty 
soil. 


Oats 


Per cent. 
8.4 
9.98 
9. 55 


Per cent. 
3.23 
33.3 
32.8 
43. C 

33.2 
33.1 
34.2 
32.8 
34.3 


Barley 


Rye 

Wheat 


Corn 7. 91 


KiiLrlish rve grass 


Meadow foxtail 






Red clover : 


10.28 

8 77 


Lambs clover 


9.24 




Crimson clover . 

Alfalfa 1 X 9 


34.1 


Vetch 


9.92 
11.04 


35.3 


Fire bean 


Horse bean . ... 


]1.30 




Potatoes 


5.07 


41.4 





Considering the possible variations due to the difficulty of making 
close representative moisture determinations in soils and the experi 
mental difficulty of correctly judging the time of wilting, there is a 
striking agreement in the above results for various plants. The aver 
age for the calcareous soil is about 9 per cent of water, from which 
figure there is no striking variation in any of the cases considered, 
and the average for the peat is about 34 per cent of water. 

The general belief that different plants require different optimum 
water contents in the soil seems to be a result of observations on the 
total amount of water that the plant actually requires rather than on 
the percentage in the soil best suited to its needs. The transpiration 
in one plant may be greater than in another, and the corresponding 
demand for water would be greater. Investigators in this field have 
usually supplied the extra amount of water demanded for this larger 
transpiration by increasing the total water content of the soil rather 
than by supplying more water as it is needed. That is, instead of 
gradually supplying a larger amount of water and maintaining the 
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moisture content of the. soil near a constant percentage, the same 
result is obtained by increasing the percentage of water in the soil at 
one time. The idea that there are different optimum water contents 
for the same soil for different plants may, therefore, be an outgrowth 
of the prevailing methods rather than of critical experimentation. 
Moreover, the idea that there are different optimum water contents 
corresponding to different plants has apparently been confused with 
the fact that some plants have more endurance under adverse mois 
ture conditions than have others. These same plants may be able to 
grow in a lairge excess of water without great apparent injury, but 
actually require, less for more favorable growth. The fact that one 
plant can tolerate larger amounts of water than another without 
serious injury does not alone justify the conclusion that the optimum 
water content differs for each. 

From this work, showing the moisture content approximately con 
stant with any one soil at which wilting of different plants begins 
and from the other considerations presented, it seems probable that the 
optimum water content is that which makes for the greatest aeration, 
loosest structure, and, in general, most favorable physical condition 
of the soil. 

APPARATUS AND METHODS. 

SCREENING APPARATUS. 

In beginning work on penetration of soils in the loose condition, 
it was recognized that there existed a serious difficulty in obtain 
ing a uniform packing and so arranging the conditions that the 
same grade of packing could be obtained on successive trials, thus 
insuring duplicate results. A preliminary investigation was made 
on the effect of packing on penetration. The firmness of the packing 
was determined from the weight of the soil, since the measurements 
were all made under one moisture condition and the soil was leveled 
in such a way that the same volume was always obtained. The change 
in packing was effected by jarring the dishes and by varying the 
mot hod in which the soil was put into the containing vessel. The 
results of such a series of measurements on Leonardtown loam con 
taining !&gt;.! per cent of water are given in Table XXXYII. 



TABLL XXXV11. In/Incur* uf 



on illicit ativn. 



Weight re- 
&lt;|iiir,-cl f,.r 
penetra 
tion. 


Weight of 
sT.il. 



70 
75 
86 
113 
175 


(Jramt. 
1.785 

- - 
1,830 
1,902 





60 



MOISTURE CONTENT AND CONDITION OF SOILS. 



When these results are plotted, using the weights of the soils as 
abscissas and the weights for penetration as ordinates, a smooth curve 
is obtained, showing that the penetration is not in direct proportion 
to the weight, but increases more rapidly. But for a small variation 
in packing, such as would be met under ordinary experimental condi 
tions, the penetration is, for all practical purposes, a linear function 
of the packing. This is confirmed by the following measurements 
made on Leonardtown loam, which held about 15 per cent of water, 
its optimum water content. 

TABLE XXXVIII. Influence of packing on penetration. 



Weight re 
quired for 


Weight of 


penetra 


soil. 


tion. 




Grams. 


Grama. 


64 


1, 702 


71 


1,719 


87 


1,739 



These results when plotted lie on a straight line and indicate that 
soil variations or manipulations cause considerable differences in 
packing which, in turn, interfere with all measurements on penetra 
tion. The importance of having a satisfactory method of packing 




FIG. 27. Apparatus for screening soils. 

is therefore evident. Uniform packing is realized only when the 
process is entirely mechanical. 

The apparatus finally used is shown in figure 27. To the shaft of 
an electric motor is fastened an eccentric E, made from a rod 2 
centimeters in diameter, in which the shaft hole is drilled 0.5 centi 
meter off center. This eccentric fits into a hole in one end of the 
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screen box XT. The motion of the revolving eccentric gives the screen 
a rapid slinking in both vertical and horizontal planes, which is 
very effective in forcing the damp soils through the mesh. The 
screen S , which is of JJ meshes to the centimeter, is in only one end of 
the box. A false bottom 7 , made of tin, serves to feed the material 
toward the mesh during shaking. The upper end of the box is sup- 
jx&gt;rted by means of two hooks, resting on a horizontal rod A*, shown in 
cross section in the figure. The hooks are made of heavy insulated 
electric-light win 1 , the covering of which serves to reduce the noise 
caused by rattling. Further, to prevent rattling at that end of the 
screen, a kilogram weight II is hung l&gt;etween the hooks. With 
this method of support the upper end of the screen is free to move, 
yet the motion is so reduced that during shaking the box stays well 
in position. The soil, after passing through the screen, falls into 
a funnel F and from there into the cup ( , which holds the sample 
during the remainder of the experiment. 

The cup proper is 12..") centimeters in diameter and !&gt; centimeters 
high, having a capacity of 1,100 cubic centimeters. A rim i&gt; added. 
which makes it possible to fill the cup above its own level. The rim 
is then removed and the soil leveled on* to the edge of the cup. This 
gives a more uniform packing in the upper layer of the soil. 

The shaker makes it possible to repeat the packing of the same 
sample and also gives a basis of comparison in the measurements made 
on different samples, since the soil in each case is treated in the same 
way. falls through the same distance, and therefore is subjected to 
the same packing forces. Reproduction of these conditions is essen 
tial in a series of measurements made upon samples containing differ 
ent quantities of water, where it is desirable that the only variable 
entering should l&gt;e the \\ater content. 

PACKING APPARATUS. 

The soil sample packed by the method just descrilx d is put into 
a uniform condition for experiment. Starting with the soil sample 
thus prepared it is possible to vary the packing in a definite and 
known way and thus study the effect of packing on the physical con 
dition of the soil. The packing is done by the arrangement shown in 
figure 28, where a front and side elevation of the apparatus is shown. 
A vertical shaft of brass A ft works easily through a wooden "iiide 
block ft. On the lx)ttom of the shaft is a circular plate ft of hard 
rublxT, just a little smaller than the inside of the cup f\ into which it 
fits when packing the soil. On the upi&gt;er end of the shaft is another 
plate .1. which serves as a scale pan for the weights II , which are of 
lead and so made that they can be placed in the middle of .1 and 
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concentric with one another, thus avoiding any serious side thrust 
where the rod passes through the guide. The" shaft and plates are 
connected over pulleys with a weight L, by which they are balanced. 
In order to have the cup C still full after packing, a rim R, 4 centi 
meters high, is put on the cup. The screened soil is leveled to the 
upper edge of R and packed under any desired weight at a steady 
pressure for four minutes, after which the rim is removed and the 
soil surface reduced to the level of the cup proper. The sample is 
then ready for the penetration tests. 

The behavior of the soil when packed in this way is indicated in 
figure 29, where a series of measurements for Podunk fine sandy loam 




FIG. 28. Apparatus for packing soils. 

containing 2.3 per cent water is shown. In addition to the packing 
caused by the soil falling from the screening machine, the soil was 
further compressed under pressure of 10, 30, and 50 grams per square 
centimeter. These pressures correspond to weights of 1, 3, and 5 kilos, 
the area of the compressing plate being about 100 square centimeters. 
The curve indicates that the increased packing pressure applied in this 
manner gives a fairly uniform increase in the force required for pene 
tration. 
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PENETRATION APPARATUS. 

The force required for penetration was measured on the apparatus 
shown in figure . ?&lt;). The penetrating t&lt;x&gt;l .1 is made from a steel 
rod 1 centimeter in diameter. This is turned into the form of a 
cone 10.r&gt; centimeters long and 1 centimeter in diameter in the thickest 
part. The large end of this cone terminates in a tongue which is so 
fastened to the scale beam A/i that it is free to swing in the vertical 
plane of the beam. The beam itself, made of oak, is 140 centi 
meters long from the end .1 to /&gt;, the point of rotation. A counter 
weight H" balances the team and its attachments. Midway between 
.1 and I) a pail / is hung, into which sand is run from a funnel F 
through a rubber tulx- 
closed by a pinchcock. 
This gives a method 
of constantly adding 
weight without jarring 
and of increasing the 
pressure to just the 
value necessary to force 
the tool into the soil 
to the required depth. 
The scale beam i&gt; 
guided beteweeu the 
upright parallel rods 
G, spaced to allow a 
free movement of the 
beam between them. 
J/! and M ., are clamps 
that check the up-and- 
down movement of the 
beam. The depth to which the point penetrates is determined by 
the position of M .,. The measurement is always begun at the same 
height the level of the cup, which was also the soil level and weight 
is added until the beam reaches J/.,, by which time the tool has pene 
trated f&gt; centimeters into the soil. The approach of the l&gt;eam to J/ 2 is 
observed by means of a small mirror R fastened at an angle to M .,. 

In making a penetration measurement the procedure is to make up 
a large soil sample to the desired water content, which is then deter 
mined accurately by drying a sample at 1 10 C. and calculating as per 
cent on the dry weight of soil. This method makes the different water 
contents of the same soil comparable one with another. The total 
sample is well mixed by screening and placed in a tightly covered 
pail. This holds enough soil to permit of repeating the measurements 
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several times without twice using the same portion of soil. This is 
essential because a wet soil dries out quite rapidly when exposed to 
the open air, particularly during screening. By using a fresh portion 
each time successive measurements are made there will be but slight 
differences in the water content of the different samples. The soil is 
then leveled to the top rim by cutting off the extra material in such a 
way that no packing results, after which it is pressed, if desired, in 
the packing machine, the rim removed, and the soil again cut off to 
the level of the top of the cu. The penetration measurements are 
then made; generally three trials for each sample. They should be 
made at points the same distance from the rim of the vessel and equal 
distances apart. This condition is easily attained by drawing on 
the table a circle the size of the cup and eccentric to the point of the 
penetrating tool. The cup is so placed that it always coincides with 
this circle and between each measurement is rotated through 120 
degrees. This method of spacing eliminates the personal factor of 



&lt;JM, 




D 



Fi&lt;;. MO. Apparatus for measuring penetration. 

choosing the points for penetration and also makes the results more 
concordant. Since the soil in falling through the funnel of the 
shaking machine generally runs into the middle of the dish, from 
which point it spreads toward the sides, it tends to pack in the middle 
of the dish somewhat more closely than around the edges, so the pack 
ing at equal distances from the center is the same. After penetra 
tion the weight of the sand required to force the tool into the soil is 
determined. Since the pail is suspended in the middle of the beam, 
one-half the weight of the sand is the pressure applied in penetration. 
The cup and the soil are also weighed, the weight of the cup sub 
tracted, and the specific gravity of the soil sample calculated from the 
volume of the cup. 

No difficulty is experienced in taking three penetration measure 
ments on one dishful of soil. The three points at which the pene 
tration tool enters the soil are far enough apart that the crowding 
aside of the soil at one point by the penetrating tool does not affect 
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the following measurement at another point. Should it do so the 
force required for penetration would increase with each successive 
measurement, while as a matter of fact the variation is in 110 way 
regular between the different measurements. 

APPARATUS FOR MEASURING VOLUME. 

Preliminary method. 

The first apparatus designed for volume measurements was not 
intended for very extended use, but rather as a convenient method of 
preliminary investigation. Some parts of it 
were used in sulisequent investigations, and |~^ | 

therefore a description of it is given here. The 
apparatus is illustrated in figure 31. The soil 
is contained in a glass tul&gt;e A. For this pur 
pose an Argand chimney has lx?en found satis 
factory and of suitable dimensions. In order 
to permit the wetting of the soil by capillarity 
the lK)ttom of the tube -1 is closed by a ring /?, 
made from a piece of brass tubing 2..") centi 
meters long, with an inside diameter just a 
little larger than the outside diameter of the 
glass tulx. A disk of brass gauze is soldered 
into the ring, as indicated in the diagram by 
the heavy dotted line. The ring is fastened to 
the tube by means of three set screws, one of 
which is indicated by (. . In order to keep the 
finer soil particles from sifting through the 
brass gauze the end of the tube is covered by 
filter paper 1&gt; Ix fore insertion into the ring. 
The dry soil is poured into the glass tube and 
then wetted by dipping the bottom of the con 
tainer into water. Bearing on the upi&gt;er sur 
face of the soil is a brass tube J/.Y, which works 
through a wooden guide block K. Changes in 
the volume of the soil cause, of course, a change 
in the level of the upper surface, and this change is communicated to 
the tube J/A T . and followed at J/ by a micrometer screw held firmly in 
place to the support of which E is a part. In order to hasten the dry 
ing the evaporation from the surface of the soil at A* is increased by 
blowing a stream of air into the top of the tube. The air used for this 
purpose is passed through sulphuric acid in order to dry it. The dry 
ing progresses slowly owing to the small amount of surface exposed 
when A 7 is in position. It is not feasible to remove A* between meas 
urements on account of the uncertainty of getting it back into the 
13771) Bull. oO 08 5 
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same place when another measurement is to be made. As the drying 
occurs only at one end of the soil column an error is introduced, since 
the top of the soil was drier than the bottom. However, in a soil col 
umn of this length, if the drying proceeds slowly, this difference in 
moisture content of the top and the bottom is not very marked. More 
serious difficulty might be caused by the adhesion between the soil and 
surface of the gUiss, which would seriously cut down the influence of 
changing moisture content on the volume. It is evident from this 
preliminary attempt that a method suitable for accurate volume 
work should embody the following points: (1) In- order to shorten 
the time required for carrying through one experiment it is essential 
that the drying out of the wet sample be rapid ; this can be accom- 




FIG. 32. Apparatus for soil column method of measuring changes in soil volumes. 

plished by exposing as great an area per unit volume of soil as possi 
ble. (2) The thickness of the soil from the drying surface down 
should be small in order that no large difference in moisture content 
may occur between the top and the bottom of the sample. (3) Since 
the change in volume is measured by the linear contraction it is essen 
tial to have the length hi this one direction as great as possible. (4) 
The soil should be supported in such a way that after drying out it 
can be wetted again by capillarity without otherwise disturbing the 
sample, thus making it possible to use the same soil sample through 
several cycles of moisture change. (5) The soil sample should also 
be supported in such a way that it is independent of the measuring 
apparatus and movable at will, so that the same micrometer may be 
used to measure several samples drying out at the same time. These 
considerations led to the development of the " soil column method." 
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Soil column method. 

The apparatus used in this method is shown in figure 3_. The soil 
column &gt; is molded in -an apparatus similar to that &gt;hown in figure 
31. where the soil is either put in dry and wetted by capillarity or 
packed into the tul&gt;e in moderately moist condition, in which state it 
holds together well when pushed out of the tul&gt;e onto the brass sup 
port .shown in the figure. This support is made by cutting longi 
tudinally a brass tube of a diameter a little larger than that of the 
soil column. Into one end of the &gt;upp&lt;&gt;rt a circular hrass di-k i- 
screwed so that it is perpendicular to the axis of the tube. Again-t 
this disk the lower end of the soil column re&gt;ts. The disk is per 
forated so that a column can IH&gt; wet by capillarity by -imply (lip 
ping the lower end of its support into water. thus rewetting the &gt;a tu 
ple without in any other way disturbing it. In this arrangement a 
large surface of soil is exposed to evaporation, and drying proceeds 
with considerable rapidity. A wet column of this kind reaches the 
air-dry condition in two to live days, depending on the nature of the 
soil. This method also insures a comparatively uniform moisture 
content from the top to the bottom of the sample. Resting against 
the upper end of the soil column is a brass follower / made from 
heavy brass tubing by inserting into the two ends piece- turned from 
solid brass. The part projecting from the lower end i- made some 
what smaller than the tube so that it will not come in contact with 
the surface of the soil support, because upon contraction enough &gt;oil 
is left to roughen considerably this surface. The upper end contains 
a contact piece ( turned from a brass rod. This is so arranged that 
by means of a screw, shown in the figure, it may be adjusted to 
lengthen or shorten the follower. By means of this adjustment 
the total length of the soil column and the follower can be made 
nearly the same in different samples, thus adapting the limits of 
the micrometer screw to their measurement. The Vernier scale and 
micrometer screw are shown at M. As the &gt;oil contracts during 
the wetting, the inclination of the support and the weight of the 
follower are sufficient to keep it pressed down against the end 
disk. The contraction of the soil therefore results in a downward 
movement, which is measured by the micrometer. In order to 
tell just when the micrometer comes in contact with the end of the 
follower at ( an electrical contact device is used. One terminal 
of a battery is connected through an electric lx&gt;ll to / . When 
M makes the metallic connection at (\ the circuit is clo-ed and the 
bell rings. Instead of the bell the figure shows an arrangement T 
in which the two bare terminals are held at a short distance apart. 
By placing these two wires on the tongue, the instant of contact 
at ( may IH&gt; detected by a sharp acrid taste. This device is even 
more delicate and satisfactory than the .lx 11. The contact can be 
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determined Avith such precision that the readings taken at the same 
time show no variation within the limits of the micrometer used. 
The micrometer scale is held firmly in place by means of a screw 
clamp. The wooden support is sawed in such a way that the 
micrometer scale is slipped into position and a screw clamp pinches 
the two sections of the wooden support. The part of the apparatus 
consisting of the soil column and its follower can be lifted from the 
wooden supports without in any way affecting the soil sample. A 
different soil sample can be placed in position and measured by the 

same micrometer. 
At each measure 
ment this movable 
part comes into the 
same position, for 
it is brought down 
firmly against the 
end block B. Since 
the wooden vertical 
supports are cut V 
shaped, the half- 
round section of 
brass tubing fits 
snugly into place. 
This method has 
proved well suited 
to soils having the 
power to retain the 
form of the cylin 
drical soil column 
irrespective of the 
moisture content. 
Some soils, how- 

FIG. 33. Apparatus for micrometer method of measuring ever, can IlOt 

changes in soil volumes. S U C C 6 ssf Lilly han 

dled in this way, either because when wet they become incoherent 
and do not retain their form or becaLise when dry they crumble. 
The method is not well suited for continued observations on wetting 
and drying of the same soil sample, because, as has been pointed out 
in a previoLis^chapter, the volume changes tend to cause cracking of 
the soil ; these cracks become points of weakness and in time cause the 
breaking down of the soil column. 
Micrometer method. 

In order to get around the difficulties just described the "mi 
crometer method v was devised, in which the soil sample is better 
supported, being held in a cup. The form of apparatus is shown in 
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figure 33. The soil sample is contained in a cup , which has a per 
forated bottom through which the soil may be wetted. This cup 
rests directly on the metal table of an adjustable stand, to which the 
micrometer screw is also attached. This method of support has a 
distinct advantage, since there is little possibility of the table and 
micrometer changing their relative positions and thus affecting the 
results. The variation in the height of the soil surface i&gt; measured 
by means of the micrometer screw .)/. A brass plate /* with a pro 
jecting short vertical shaft rests on the surface of the soil. The 
micrometer point is brought just into contact with the top of the 
shaft. The contact is determined in the same manner as described 
in the preceding method. In order to obtain a good electrical con 
tact with the plate /* without disturbing its position in any way, a 
drop of mercury is held in a depression drilled into the surface of 
the brass. 

This method also permits measurements being made on a number of 
samples, since the cup ( can be removed from the table and another 
cup inserted in its place without displacing the micrometer. The 
moisture content of the soil sample corresponding to the time of 
measurement is determined in both this and the soil column method 
by directly weighing the supporting dish, the dry soil equivalent 
Ix ing determined when the sample is first prepared. Although the 
micrometer screw used in this method measures to 0.0001 centimeter, 
measurements were ordinarily made only to 0.001. On account of 
the electrical conductivity of the moist soil and since the cup rests 
on the metallic table it is necessary to insulate the bra:-- plate /* 
from the soil. This is done by fastening a hard rubl&gt;er disk to the 
underside of the plate. The same result can. of course. lx&gt; obtained 
by insulating the cup C from the stand. In thi&gt; method the amount 
of surface exposed to evaporation is not so large a&gt; in the soil column 
method, so that the time required for a series of measurements is 
somewhat longer. Because of the better support of the soil column 
this method is applicable to almost anv soil and quite independent of 
errors due to a defective soil column. In any future work it would lx&gt; 
well to use larger dishes; this would tend to reduce to a minimum any 
errors due to adhesion Ix tween the soil and the cup. A deeper disK 
may profitably be used, thus giving a larger linear change, but it must, 
be not deep enough to cause a large difference in moisture content 
between the lower and upper soil layers. 
Cathetometer method. 

Tle cathetometer method closely resembles the micrometer method. 
The soil is contained in a similar dish and the up and down move 
ments of a point fastened to a brass disk are measured by means of 
a cathetometer instead of a micrometer. This method is valuable 
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as a check method, showing that the same results are obtained irre 
spective of the method used. It offers no particular advantage over 
the micrometer method and possesses some disadvantages. Since 
the cathetometer and the soil are placed several feet apart, they have 
no support in common, and a change of pressure on the floor may 
cause a variation in the level and a corresponding error in the read 
ings obtained. Sighting the cross hairs of the cathetometer telescope 
on the point does not permit the same accuracy of reading as in case 
of the micrometer with the electric contact method. The finest grad 
uations on the cathetometer used were O. Ol centimeter. This, added 
to the difficulty of reading mentioned above, made very accurate re 
sults impossible. This method might be improved by having the 
apparatus set up on a firm foundation, having better sighting device, 
larger dishes, etc., but the only advantage it can then offer over the 
micrometer method is that the plate on the soil surface would not be 
subject to any disturbing external pressure, such as might possibly be 
caused by the micrometer screw. 
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PREFACE. 



In the continuation of the studies on absorption which have been 
carried on in this Bureau, it has been deemed desirable to direct 
attention especially to the- absorption of gases by soils, and the 
present bulletin contains a description of certain special studies on 
this subject by Messrs. Patten and Gallagher. 

That soils have a high absorptive power for gases, and show a 
direct selective absorption from gas mixtures as well as from liquid 
solutions, has long been known, and this fact has generally been 
recognized as having an important agricultural and geological 
significance. But up to the present it can not be said that agri 
cultural investigators have given the question the consideration 
which its practical importance warrants. 

In the present bulletin the absorption of the principal gases by 
various types of soils and the rate at which such absorption takes 
place have been brought out in such a manner that practical workers 
in soil problems will be able to use the results to advantage. Special 
significance must be attached to the absorption of water vapor, and 
in this bulletin the principal facts now known from the investigations 
of former workers or of the authors of the bulletin themselves are 
brought together in such shape that they are available riot only for 
practical workers, but for the further investigation of scientific 
workers. 

The relation between the absorption of water vapor on the one 
hand and the evaporation of \vater from that soil has been carefully 
investigated, and the laws controlling it have been clearly brought 
put; and the influence of soluble materials contained in the soil as 
affecting these laws has been shown. The significance of cultural 
methods as affecting either the absorption of water vapor or its evapo- 
ration has been shown. And finally, the important practical fact 
ha- been established that the wilting point or that water content 
of the soil at which plants can no longer thrive and which has been 
sh\vn elsewhere to be a physical factor of th&lt;j soil marks a water 
content higher than that which the soil can attain by direct absorp 
tion from a humid atmosphere, even though this latter be main 
tained at the point of saturation. 

5 



6 PREFACE. 

The laws governing the absorption of other gases or vapors appes 
in general to be very similar to those governing the absorption c 
water vapor, and it may now be safely claimed that the broad subje( 
of absorption of vapors by soils has been brought to a satisfactor 
state as regards not only our theoretical knowledge of the principl* 
involved and their importance to practical agriculture, but also i 
they bear upon the practical methods of control. 

FRANK K. CAMERON. 
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ABSORPTION OF VAPORS AM) (JASES BY SOILS 



PREVIOUS WORK. 
/ 

INTRODUCTION. 

It is well known that charcoal absorbs enormous volumes of gases 
from putrefying animal matter, and the similar power of soils to 
take up odors from excreta has been utilized from the earliest times. 

The term absorption includes adsorption upon the surface, possi 
ble penetration of vapor into the solid, and retention of liquid in 
the angles formed between adjoining particles. A short review of 
the development of our knowledge of gaseous absorption is helpful 
here in bringing to mind the experimental facts and the varying 
explanations offered in connection therewith. 

ABSORPTION OF GASES. 

Fontana in 1777 established the fact that numerous porous bodies 
retain gases upon their internal surface, but did not deduce regu 
larities from his data. 

Moro/zo, Rouppe, and Xorden" confirmed his observations in 
1X00, but de Saussure, 1 during 1X12 to 1X14, was the first to investi 
gate this field extensively. He heated his absorbent material to 
redness before using, to expel residual gases, and then subjected the 
weighed absorbent to the action of a gas, under known temperature 
and pressure conditions. He drew the following conclusions: (1 ) 
The porous bodies investigated absorb gases; (2) the degree of 
absorption varies with the form and magnitude of the pores; (3) 
different substances possess a different absorption capacity; (4) the 
same substance absorbs different quantities of different gases; (5) 
easily condensed gases are in general absorbed more easily; (6) ab 
sorption decreases as temperature increases; (7) at higher pressure 
more gas is absorbed than at lower pressure; (8) heat is evolved 
during the process of absorption. 

To these fundamental observations Smith* adds: (1) Charcoal 
exercises a selective absorption toward mixtures of gases; for a con- 

a O. Lehtnann, liolekular-physik, II part. 83. 
* Ann. Phys. (liHwrt, 47, 113 (1814). 
&lt;= Ann. Chem., Suppl. 2, 262 (1862-1863). 
27876 Bui. 5108 2 9 



1 ABSORPTION OF VAPORS AND GASES BY SOILS. 

siderable time oxygen alone is absorbed from air; (2) charcoal satu 
rated with nitrogen and then placed in other gases first gives up 
part of the nitrogen before absorbing the second gas; (3) charco* 
saturated with oxygen does not give up the gas, either upon warmin 
or treatment with boiling water, but under these conditions carbo 
dioxide is evolved rather than oxygen. 

Stenhouse/ 1 too, has studied the absorption of gases by charcoi 
made from various materials; his figures, given in Table I, represer 
the number of cubic centimeters of gas absorbed by 1 gram of chai 
coal. Wood charcoal shows a higher absorption for the gases use 
than does peat or animal charcoal, with the exception of nydrc 
chloric acid gas, which is taken up in greater volume by peat. 

TABLE 1. Absorption of gases by charcoal, according to Stenhouse. 





Kind of charcoal. 


(ia.s. 


_ 







Wood. 


Peat. 1 Animj 




C.c. 


C.c. 


C. c 


Ammonia 


98.5 


90.0 


4: 


Hydrochloric acid 


45.0 
32 5 


00.0 
27 5 


17 


Carbonic acid 


14.0 


10.0 




Oxygen 


0. 8 0. 






Dewar b has found that charcoal and lampblack are nearly equal i 
absorbing power for gases at the temperature of liquid air, and th* 
graphite is only one-fourth as good an absorbent. 

ABSORPTION OF AIR. 

Reichardt and Blumtritt showed that nitrogen is absorbed to 
much greater extent by soils and soil constitutents than is oxyge 
and that each gas is retained to a different degree by different sul 
stances a clear indication of the selective power which solids an 
gases mutually exert in absorption reactions. 

ABSORPTION OF WATER VAPOR BY SOILS. 

When a soil is saturated with water by rain, part of the water pe 
colates away to lower levels, and another part of the water evaporati 
from the surface. 

With a view to correlating the capacity of soils to resist dryir 
out, with their composition and with their productiveness, Schiiblei 
determined the water vapor absorbed by various soils and soil co] 
stitutents from a nearly saturated atmosphere during 24 hours. Th 
absorption process is evidently the reverse of drying out, but gives 

Cited by Johnson, How Crops Feed, p. 160. 

& Chem. News, 94, 174 (1906); Proc. Roy. Soc., 74, 130 (1904). 

c Jour, prakt. Chem., 98, 476 (1866). 

d Cited by Johnson, How Crops Feed, pp. 161-162, 1870. 



ABSORPTION OF WATER VAPOR. 1 1 

measure of the speed with which a dry soil takes up the first portions of 
water vapor, and this speed is clearlv an indication of the strength 
with which the water is held by each soil. Thus, he found that 1,000 
parts of soil absorbed parts of water as follows: Quart/ sand, coarse, 
(); gypsuin, 1; calcareous sand, 3; plow land, 23; clay soil (60 per 
cent clay), 2S; slaty marl. 33; loam, 35; fine carbonate of lime, 
35; heavy clay soil (SO per cent clay), 41 ; garden mold (7 per cent 
humus), 52; pure clay, 4 .); carbonate of magnesia (fine powder), S2; 
humus, 120. 

Similarly Daw" gives the quantity of moisture taken up dur 
ing one hour exposure to the air by soils which had been dried at 
212 K. as follows, in parts of water per 1,000 parts of soil: Sterile 
soil of Bagshot heath, 3; coarse sand, X; fine sand, 11; soil from 
Mercy, Essex, 13; very fertile alluvium, Somersetshire, Hi: extremely 
fertile soil of Ormiston, East Lothian, IS. 

From these results it may be concluded that the absorptive capacity 
of soil for water vapor is generally higher the finer the texture of the 
soil and the greater its content of humus. It appears, too, that pro 
ductive soils have a very considerable capacity for water vapor, 
while the poor soils range much lower. 

Regarding the effect of temperature upon the quantity of water 
vapor absorbed, Kno])" has shown that at higher temperature the 
absorption is very considerably decreased. A sandy soil from 
MiM-ckern, Saxony, absorbed in parts of water per 1,000 parts of soil 
the following quantities of moisture: At 55 F., 13; at 66, 11.0; at 
77, 10.2; at SS, X.7. 

The experiments of Ammon likewise show that the absorption 
&lt;! water vapor by soil constituents decreases as the temperature 
ri-r&gt;. The relative absorption at any one temperature of the sub- 
unices used decreases in the order, ferric hydroxide, humus, kaolin, 
calcium carbonate, gypsum. 

Von Dobeneck r has studied in great detail the conditions which 
determine the absorption of water vapor and gases in general by 
various soil constituents and admixtures of the same, with the fol 
lowing results: (1) The absorption is greater the finer the particles 
of the solid; but this increase is not directly proportional to the 
increase in surface, since large grains absorb relatively more gas than 
would be expected from the surface exposed. It should be remem 
bered, however, that great error is. introduced when the surface of a 
p&gt;\\der is calculated from the average diameter of its granules. (2) 
He found that adsorption and hygroscopic retention of moisture upon 
^. \\hidi were then looked upon as different, are subject to the 

by Johnson. How Crops Fowl. pp. 1(51-1(52. 1870. 
. Agr.-PhyH.. 2, 36 (1879). 
. Agr.-Phye., 15, 163 (1892). 



2 ABSORPTION OF VAPORS AND GASES BY SOILS. 

same controlling conditions. (3) The different soil constituents all 
possess a considerable absorption capacity, but gases are absorbed 
to a different degree by each solid substance. (4) Mixtures of these 
soil constituents absorb gases additively; that is, each soil material 
exerts its absorptive effect independently of the rest of the soil about 
it. (5) Absorption decreases with rise in temperature and is very 
nearly proportional to the reciprocal of the partial pressure. (6) 
For atmospheres of the same relative humidity, the temperature has 
little effect upon the mass of water absorbed ; the absorption increases 
with increasing relative humidity, and at 20 C. the rise in absorp 
tion for equal per cent increments in the relative humidity is greater 
the nearer the interval lies to the point of saturation (100 per cent 
humidity). (7) Soil constituents moistened with water absorb gases 
in greater quantity than the same mass of water alone. 

Van Bemmelen a has Determined the absorption of water vapor by 
soils and inorganic oxides, especially such as yield gelatinous hydrates 
with water, with reference to (1) the influence of original water con 
tained in the soil or solid oxide upon the quantity of water it can yet 
absorb; (2) the effe ct of vapor pressure upon absorption and libera 
tion of moisture; (3) the structure and history of the oxide as related 
to its absorptive power. He used the oxides, SiO 2 , SnO 2 , MnO 2 , 
A1 2 O 3 , Fe 2 O 3 , Cr 2 O 3 , BeO, MgO, and CuO and various soils. His 
results in general indicate that the absorption of water vapor increases 
with the vapor pressure, but is not simply proportional to it; that 
the fineness of the grains of a partially hydrated oxide has little 
influence upon its absorption an effect to be expected where imbibi 
tion takes place; that the moist oxides expand as more water is 
absorbed and contract as this water evaporates from them in an 
atmosphere of lower vapor pressure; that some oxides form a trans 
lucent jelly when they contain a certain quantity of water, and this 
translucence indicates that the jelly is made up of fine cells. He con 
cludes that the existence of definite chemical hydrates in these non- 
crystalline jellies is as yet undemonstrated and extremely improbable. 

Van Bemmelen s reason for so thoroughly investigating these 
gelatinous inorganic hydrates is that much of the absorptive power 
of a soil is due to their presence, occasioned by the disintegration of 
minerals subject to weathering. His results on the absorption of 
water vapor by soils are similar to those obtained with these inor 
ganic oxides, and agree in general with the results of earlier investi- 

Zcit. anorg. Chem., 5, 467 (1893); Ber. deutsch. chem. Ges., 13, 1467 (1880); Jour, 
prakt. Chem., 23, 324, 379 (1881); 26, 227 (1882); Rec. Trav. Chim. Pays.-Bas,7, 1 
(1888); Jour, prakt. Chem., 46, 497 (1892); Zeit. anorg. Chem., 18, 122 (1898); 20, 185 
(1899); 23, 111-321 (1900); Sitzungsber. d. K. Akad. d. Wiss., Amsterdam, Nov. 26, 
1902; Arch. N6"el. (2), 10, 267 (1906). See also Cross, On the Reformation of Hy 
drates, Jahresb., 1879, 179; also, Spring and Lucion, Zeit. anorg. Chem., 2, 195 (1892). 
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gators. Each soil shows its own peculiar power of absorbing water 
vapor the finer the soil grains the greater the absorption ; the pres 
ence of individual soil constituents of high absorptive power, of 
course, raises the absorption in proportion to the amount of each in 
the soil. 

According to llilgard," the hygroscopic moisture of a soil may 
vary from 2.4X per cent to 21 per cent, depending upon its composi 
tion. He has critici/ed the experiments of Schiibler, Knop, and 
others, who found that absorption of water vapor decreases with rise 
in temperature. llilgard finds that exactly the reverse is the case; 
soils exposed to an atmosphere saturated with water vapor absorb 
more moisture at high temperature than at low. 

An attempt to discriminate between moisture held by a powder 
as "hygroscopic moisture" and water in the capillary spaces meets 
with difficulty. We have no sharp experimental method of ascer 
taining what fraction of the water is retained on the surfaces of the 
grains. This is especially so as an even distribution &lt;&gt;f moisture 
throughout the powder is hard to secure, and failing of this the pow 
der is balled together and holds part of the liquid in its capillary 
spaces between the grains. 

Briggs r determined the quantity of water vapor absorbed by 
quartz grains of various degrees of fineness, and from the mechanical 
analysis of each powder calculated the surface presented, and thus 
found the thickness of the layer of adsorbed water. Assuming the 
density of the film as uniform and equal to unity and postulating an 
even distribution of the water over the entire surface, the maximum 
thickness obtained was 2.00 X l()~ r cm. in an atmosphere within 1 
per cent of saturation at . i() (\ He concludes that the adsorption 
is not due to soluble bodies present upon the surface of the quartz, as 
Warburg and Ihmori have suggested, but to the mutual attraction 
of quartz and water. 

Parks calculates the thickness of the water film upon glass wool 
as i:i.:j x Kr nt lo(\ Trouton and O.Masson and K. S. Richards 
have carefully determined the conditions under which cotton absorbs 
moisture. Trout on suggests that the water vapor is condensed to 
liquid upon the surface of the cotton. Masson and Richards find 
that cotton containing a definite proportion of moisture resembles 

"Soils." pp. 1%. 198 (1906). 

bSoyaka, Konwh. Ajfr.-Ph.V8., H. 1 &lt;1885&gt;: Whitney. Agricultural Srionro. 3, 199 
(1889); K.it:i". Uolx-r die WastwrlH wifrung in Iloden. I .ul. &lt;1 Apr.. Imp. t niv. 
Tokyo. Vol. 3. No. 1 (1897); BripRH. Bui. No. 10, { . S. D.-pt. ..f ART.. Division of 
Soils (1897). 

Jour. Phys. ( horn., 9, 017 (1905). 

Phil. Map. &gt; , 519 (190:}); also &gt;) 4, 240 (1902). 

Pror. Roy. Sop. London. 77, ST. A. 292 &lt; I90T,). 

Ibid., 7H, SIT. A, 412-429 (190*ii. 
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an aqueous solution in that it exercises a vapor pressure which is at 
different temperatures a constant fraction of that of pure water. 

In this connection it is interesting to note that Bunsen found 
that glass fiber continued to give up moisture on heating until a 
temperature of 503 C. was reached; similarly, Day and Allen 
state that a temperature of 600 to 800 C. (a low red heat) is required 
to remove hygroscopic moisture from minerals. From the fact that 
moisture is retained upon the surface of these substances at high 
temperature it may be inferred that the attraction between the sub 
stance and water is greater than the vapor pressure, which at such 
temperatures amounts to hundreds of atmospheres. 

ABSORPTION OF WATER VAPOR. 
STATEMENT OF THE PROBLEM. 

The general problem before us is to find the relation of climatic 
humidity to soils. In nature a system is rarely in a state of equilib 
rium, and more or less rapid changes in the distribution of the con 
stituents are in progress. Still, in the present instance, definite 
laboratory conditions for the equilibrium between soil moisture and 
water vapor in the air above it will afford a very fair approximation 
to field conditions, and by taking measurements upon the rate ol 
approach to equilibrium we also secure an insight into the nature and 
rate of change in soil moisture during evaporation or absorption 
when sudden climatic changes disturb the approximate equilibrium 
between atmospheric moisture and soil moisture. Such displace 
ment of equilibrium may be due to currents of air bringing a more 
or less humid atmosphere from a distance, or to heat changes accom 
panied by precipitation on. cooling, or greater saturation capacity 
of the air for water on heating. 

The first variation change in humidity may be experimentally 
reproduced by placing several equal portions of a soil of known mois 
ture content in desiccators whose individual atmospheric humidity is 
maintained practically constant by sulphuric acid, differing in strength 
for each desiccator and thus giving a range of humidity from the very 
low partial pressure of concentrated acid to the vapor pressure oi 
water at the temperature chosen for the experiments. 

The second source of variation heat changes may/ be studied by 
running equilibrium experiments similar to those just described, but 
at different temperatures, and comparing the quantities of moisture 
in soil and in vapor above it at each of these temperatures. 

Ann. Phys., 24, 321 (1885). 

bPub. Carnegie Inst. of Washington, No. 31, pp. 56-57; A in. Jour. Sci. (4), 19,93 
(1905). 



ABSORPTION OF WATER VAPOR. 15 

EVAPORATION STUDIES. 

Experimental methods. 

The evaporation of water from soils was determined under different 
decrees of humidity, secured by maintaining the soils in small weigh 
ing bottles in desiccators containing sulphuric acid in varying concen 
tration. Quantitative preliminary work showed the need of accurate 
temperature control; consequently the experiments here described 
were carried out in a double-walled air thermostat heated by incan 
descent electric lights, the current being controlled by a (Jeer thenno- 
regulator" and the air circulated by an electric fan. (The tempera 
ture was recorded, when desired, by a thermograph. The temperature 
could thus be held constant and within 0.1 (\ for days.) 

Diffusion constant for the desiccators. 

As regards the diffusion of water vapor from the soil in the weighing 
bottle through the atmosphere of the desiccator down to the surface 
of the sulphuric acid, it may be stated that in general this takes place 
at a very constant rate. This constancy will be evident from an 
inspection of the curves given in figures 1, 2, and A, for the evapora 
tion of soils in atmospheres of different degrees of humidity. As 
may be expected, these curves are linear during the time when evap 
oration is taking place from the larger soil tubes, but when the soil 
moisture begins to evaporate from the liner capillary spaces, the rate 
of evaporation, and consequently the diffusion constant itself, changes 
as evaporation proceeds. A. variation in the value of this diffusion 
constant may also be due to a slight difference in the size of the 
mouths of the weighing bottles. 

Experimental data. 

The rate of approach to equilibrium of quartz flour, Podunk fine 
sandy loam, and Sea Island cotton soils over water and over sul 
phuric acid of different strengths at 25 C. is given in Tables II, III. 
and IV, respectively. The upper section of each table shows the loss 
of water from a wet soil as the evaporation proceeds, while the lower 
section gives the absorption by the same soil in dry condition under 
the same conditions of temperature and humidity. Thus if sufficient 
time be given, the same percentage of moisture will be found in the 
soil regardless of its previous moisture content; i. e., equilibrium is 
approached from both the wet side and the dry side. At the head of 
each column in the tables is given the strength of sulphuric acid 
expressed in percentage by weight and the corresponding partial pres 
sure of water vapor in millimeters of mercury. 6 The evaporation 
data from the upper half of Tables II, III, and IV are plotted in 
figures 1, 2, and 3, for quart/, Podunk, and Sea Island soils, respec 
tively, ordinates being percentage moisture in the soil reckoned upon 
its dry weight, and abscissas time in days. 

"Jour. Phya. Clum., 6, 85 (1902). &Landolt and Bornstein, Tabellen. 
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TABLE II. Change in moisture content of quartz flour exposed to atmospheres of dif 
ferent humidity at 25 C. 

MOIST SOIL. 



Strength of sulphuric acid, with equivalent partial pressure of water vapor. 


Water alone. 


94 per cent 55.4 pi 
= 0.10 mm. = 6.C 


&gt;r cent 
mm. 


42.55 per cent 
= 12 mm. 


29.84 per cent 
= 17.9 mm. 


23.55 mm. 


Period. 


Moisture 
content. 


Period. 


Moisture 
content. 


TVrind Moisture 
d - content. 


Period Moisture 
10&lt;1 - content. 


Period. 


Moisture 
content. 


Days. 
0.00 
.167 
1.00 
2.08 
3.08 
4.00 
5.15 
6.04 
8.02 
9.05 
9.87 
10.13 
11.16 
17.00 
33. 00 


Per cent. 
30.00 
29.40 
26.30 
23.10 
19.80 
16.80 
13.40 
9.80 
4.40 
1.90 
.50 
.10 
.10 
.07 
.07 


Days. 
0.00 
1.02 
2.11 
3.08 
4.00 
8.00 
10.10 
13. 00 
17.00 
33.00 


Per cent. 
30.00 
27.80 
25.40 
23.40 
21.60 
13.90 
9.80 
4.10 
.10 
.09 


Days. 
0.00 
1.04 
2.10 
3.08 
4.04 
8.00 
13.00 
17.00 
19.20 
23.00 
25.00 
26.00 
27. 00 
30. 00 
33.00 


Per cent. 
30.00 
28.50 
27.20 
25.80 
24. 60 
20.00 
13.80 
9.50 
6.90 
2.80 
1.20 
.20 
.12 
.12 
. 11 


Days. 
0.00 
1.04 
2.11 
3.09 
4.04 
8.00 
13.00 
21.20 
23.00 
33.00 
38.00 
46. 00 
52. 00 
97.00 


Per cent. 
30.00 
29.20 
28.50 
27.80 
27. 20 
24.80 
22.00 
17.70 
14.30 
11.00 
8.20 
4.30 
1 . 30 
.12 


Days. 
0.00 
1.01 
2.11 
3.04 
6.04 
13.00 
27.00 
55.00 
97.00 


Per cent. 
30.0 
29.9 
29.8 
29.7 
29.5 
29.3 
28.6 
28.5 
25.4 











0.0 


0. 10 , 0. 


0.1 


0.0 


0. 10 


0. 0. 10 


1.0 


.10 , 1.0 


1 


1.0 


. 10 


1. . 10 


13.0 


. 08 : 33. 


. I 


33.0 


.11 


3. . 10 


33. 


.07 








97.0 .12 
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FIG. 1. Curves for quartz Hour, showing effect of humidity upon rate of evaporation 
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TAHLK III. Change in inoittnre content of I odunk fins xandy loam soil ejrpoged to 
atmosphere* of different humidity at &gt;:&gt;* &lt; . 

MOIST SOIL. 



95.0 per cent 55.4 per cent 
ii. in nun. -6.0mm. 


42.55 per cent 
- 12 mm. 


29.84 per cent 
-I7*mm. """ 


Period. 


Moisture ! Pnpln ,, Moisture 
content. * a ; content. 


Period. 


Moisture 
content. 


Period. 


Mointurt ., , . Moistun- 
conti-nt. content. 


Days. 
0.00 


I rr cent. 
:&gt; 00 


Day*. Per rent. 
0.00 30.0 


Days. 
0.00 


Per crnt. 
30.00 


Days. 
0.00 


Per rent. ! Days. Per cent. 
30.00 i 0.00 ; 30.0 


. 1C&gt;7 


29. 50 


1.02 28.1 


1.04 


28. 70 


1.04 


29.20 i 1.01 29.9 


1.01) 


2tt. 70 


2.11 2. r &gt;.9 


2 11 


27. 50 


2.11 


28.50 2.12 29.8 


_. on 


23 30 


3. OS 23. 8 


3.00 


2B.80 


3. 1 1 


27.80 i 3.12 29.7 


3 on 


jo. ;) 


4. 00 22. 1 


4.04 


25.20 


4.04 


27.20 f,.04 29.:, 


4.00 


17.90 


8.00 14.8 


8.00 


20. tiO 


8.00 


24. tiO 13.00 29.2 


:. LI 


13.110 


9.10 11.2 


13.00 


15. 70 


13.00 


21. M) 27. 00 28. ti 


i.04 


11.50 


13.00 &gt;.() 


17.00 


11.90 


21.20 


IB. 80 ;. 00 27. 5 


8.02 


5.60 


17.00 .4 


19.20 


9.80 


23. 00 


13. :W 97.00 JV...1 


9.05 


2.50 


33.00 .: 


23. 00 


5.70 


33. 00 


9. 70 


987 






2.5. 00 


3. 50 


38.00 


ti. 50 


10. 13 


in .. 


27 00 


1.10 


4ti. 00 


2. 50 


11. If. 


.: 




30. 00 


.40 


52. (X) 


. ti() 


17.00 




33 00 


.43 


97.00 


. .11 


33.00 


.04 











o. o o. :) 


0.0 


o :i (i o 


o :i i) 


1.0 .30 


1.0 


.4 Mi 


.4 Ml 


13 . Hi 


10 


.4 :H.O 


4 :t. (i 


17.0 13 


33.0 i 


3 1. 


!I7. 


21 03 








33. 02 










I 


L. 







1.01 
2. 12 
3. 12 
ti.04 
13.00 
27. 00 
.Vi. 00 
(17 (X) 




Fi&lt;;. 2. Cur\-es for Podunlc soil, showing effect of humidity upon rate of i 
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ABSORPTION OF VAPORS AND GASES BY SOILS. 



TABLE IV. Chanye in moisture content of Sea Island cotton soil exposed to atmospheres 
of different humidity at 25 C. 



MOIST SOIL. 



Strength of sulphuric acid , with equivalent partial pressure of water vapor. 


Water alone. 


94 per cent 
=0.10 mm. 


55.4 per cent 
=6.0 mm. 


42.55 per cent 

= 12 mm. 


29.84 per cent 
=17.9 mm. 


23.66mm. 


Period. 


Moisture 
content. 


Period. 


Moisture 

content. 


Period. 


Moisture 
content. 


Period. 


Moisture 
content. 


Period. 


Moisture 
content. 


Days. 


Per cent. 


Days. 


Per cent. 


Days. Per cent. 


Days. 


Per cent. 


Days. 


Per cent 


0.00 


55. 00 


O.IK) 


55.0 


0. 00 55. 


0.00 


55.00 


0.00 


55.0 


.1(17 


54.20 


1.01 


52.9 1 1.04 


53.2 


1.03 


54.10 


1.10 


54.8 


.96 


51.60 


2.10 


50.5 2.09 i 51.4 


2.11 


53. 30 


2.11 


54. 7 


2.08 


48.60 


3.08 


48. 4 3. 08 


49.8 


3.09 


52.10 


3.14 


54. 6 


3.08 


45.60 


4.00 


46.5 


4.04 


48.3 


4.04 


51.90 


6.04 


54.3 


4.00 


43.20 


8.00 


37.4 


8.00 


42.1 


8.00 


49.30 


8.00 


54.0 


5.15 


40. 10 


10.10 


33.1 


13.00 


35.0 


13.00 


46.30 


10.10 


53.9 


6.04 


37.50 


13.00 


27.6 


17.00 


29.4 


21.20 


41.20 


13.00 


53.7 


8-. 02 


30.00 17.1X1 


17 6 


19.20 


26.1 


27.00 


37.70 


27.00 


53. 1 


9.05 


27. 00 19. 20 


11.2 


23. (X) 20. 4 


33. 00 


34.10 


55.00 


49. 2 


9.87 


24. 00 23. 00 


4.6 


27.00 


15.0 


46.00 


25.50 


97.00 


48.5 


11.16 


17. 90 25 00 


3.5 


30. 00 


10. 5 


52. 00 


21.52 






12.08 


13. 70 27. 00 


3.1 


33. 00 


6. C&gt; 


97.00 


6.08 




13. 05 


9.20 , 30.00 


2.9 


38.00 


4.7 






i 


14.00 


(i. 40 33. 00 


2.9 


46.00 


4.4 








17.00 


2.10 52.00 


2.8 


52.00 


4.2 






21.00 


.98 














33 00 


.34 


















I 

















0.0 


4.40 


0.0 


4.4 


0. 4. 4 


0.0 


4.4 


0.00 


4.4 


1.0 


4.10 


1.0 


4.6 


1.0 4.7 


1.0 


4.9 


1 01 


5.1 


13.0 


2.90 


13.0 


4.8 


13.0 ! 4.9 


3.0 


5.4 


2.13 


5.6 


17.0 


1.70 


33. 


2.9 


21.0 , 4.1 


4.0 


5.5 


3.12 


5.9 


21.0 


1.00 


52.0 


2.8 


1 


13.0 


5.9 


4.04 


6. 1 


33.0 


.47 








!21.() 


6.0 


6.00 


6. 6 












97 
v 


5 6 


8 00 


6 8 
















10.10 


















13.00 


7.6 
















27 00 



















55.00 


9.2 










i 






97. 00 


9.7 



OF WATI.i; \Al-nK. 



U) 



Discussion. ( 

Evaporation fnun soils under different conditions of humidity in 
genera] proceeds regularly, as shown by the above curves, which are 
similar in form. The curves for Sea Island soil over 55.4 JKT cent 
sulphuric acid and over the concentrated acid (fig. 3) are displaced 
to the left in their lower portions. This effect is almost certainly 
due to the fact that the samples of quartz, Sea Island, and Podunk 
soils were run in the same desiccator. The latter two soils holding 
less water, reached the dry state first, and when they no longer gave 
up water to t lie surrounding atmosphere the rate of evaporation for 
Sea Island cotton soil increased, thus producing the displacement in 




Flu. 3. Curves for Sm Islnnd cotton soil, showing effort of humidity upon rate of evajKinition. 

the curve. This observation emphasizes the necessity of closely 
regulating the conditions for evaporation studies. 

The influence of the presence of organic matter in a soil is shown 
by a comparison of the evaporation curves for quartz, Podunk, 
Mid Sea Island soils over concentrated sulphuric acid. The pres 
ence of organic matter in Sea Island soil increases its water-holding 
rx)wer some 25 per cent above that of quartz or Podunk soil, but it 
loes not decrease the rate of evaporation, for the Sea Island curves 
;ire very nearly parallel to those for Podunk line sandy loam and for 
iiuartz 
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ABSORPTION OF VAPOKS AND GASES BY SOILS. 



&gt;ng period of 10 
1 per cent hu- 



The foregoing study is important in that it gives a valid basis for 
applying the experimental results determined for one humidity con 
dition to any other humidity condition. Because of the high rate 
of evaporation and slow change in vapor pressure of the acid, it is 
preferable to use concentrated sulphuric acid in evaporation studies. 
Results thus obtained may be confidently used for general application. 
The relation of the length of time required for a soil to dry out 
to the atmospheric humidity is of great agricultural interest. Equal 
changes in humidity correspond to very unequal periods required 
for a soil to dry. Thus, for quartz, 60 days would be required to 
reach an air-dry condition with an atmospheric humidity of 75 per 
cent: 26 days with 50 per cent humidity; 16 days with 25 per cent 

humidity, and the propor 
tionately h 
days with 
midity. 

The rate of evaporation 
curves show, too, that wet 
soil in an atmosphere satu 
rated with water vapor 
slowly loses weight. This 
loss may be due to several 
disturbing influences. 

There is a slight differ 
ence in the vapor pressure 
of the water in the bottle 
B and the water W, caused 
by the weight of a column 
of vapor of height h (see fig. 4) . P b - P w = hd, where P b and P w are the 
vapor pressures at the level in the bottle and at the lower water 
surface W, respectively, and d is the density of the vapor. Although 
this value is very small, it is theoretically of interest and might enter 
into calculation when the time factor is large. 

Small changes in temperature would cause loss of water from the 
weighing bottle containing moist soil. If the temperature rises a 
little this will first affect the desiccator near the outside wall, at A, 
figure 4. The increase in temperature momentarily reduces the rela 
tive humidity, thus disturbing the equilibrium. In order to restore 
equilibrium water vapor, moves from the interior of the desiccator 
near B toward A. This produces at the same time evaporation of the 
water in B and of the water at W in the bottom of the desiccator. If 
a slight drop in the temperature within the thermostat now takes place 
cooling will first occur at A, followed by supersaturation and finally 
by condensation of moisture at A until equilibrium is again estab- 




FiG. 4. Drawing of d( 



g soil sample. 



ABSORPTION OF WATEH V 

This cooling, however, will not produce a condensation 
upon the surface of the soil equal in amount to the loss by evapora 
tion due to rise in temperature. Thus a slow loss of water from 
soil will result. 

The thermostat was heated bv an incandescent electric lamp, con 
sequently a black soil might absorb sufficient radiant energy to main 
tain its temperature slightly above that of the surrounding medium. 
The vapor pressure of the wanner soil moisture would be higher, and 
a distillation of water from B to W would result. 

Opening the desiccator for estimation of the moisture in soil would 
reduce the humidity and cause evaporation from the soil when replaced 
after weighing. 

ABSORPTION STUDIES. 
Experimental data. 

The absorption of moisture by air-dry soils in an atmosphere sat 
urated with water vapor is shown by the data given in Tables II, III, 
and IV for quartz, Podunk fine sandy loam, and Sea Island cotton 
soils at 25 C. As stated above, these experiments were carried out 
with weighing bottles placed in a desiccator. A parallel set of 
experiments using shallow aluminum dishes showed that the dishes 
do not give so great gain in moisture as is obtained when weighing 
bottles are used. The three soils used here were in air-dry condition 
at the start: their moisture content in percentage is given in Tables 
II. III. and IV. 

A set of absorption experiments was carried out, using other soils 
and soil separates which had been heated to constant weight at 1 10 (\ 
and then placed in a saturated atmosphere at 28 C. This set was 
not subjected to such accurate temperature control as those, given 
above, still the curves obtained by plotting gain in moisture against 
time of absorption are very regular and the data fairly characteristic. 
The data are given in Table V. 

TAHI.K V. Wain r/x&lt;r nbttorbi il by xoilx from a satiinitnl rilniospliin nl , .v ( . 



Itriod. 


Galveston 
rlay. 


Hagrr*- Marshall Norfolk 
town loam, silt loam. sand. 


Quart/. 








/&gt;/*. 
1 


4.fi99 


1.717 &gt; l-. i 


/Vf cent. 
0. 1 44 




&. an 


2. 047 


2.220 


.220 


.203 


3 


(i. J04 


2.363 


2. 455 


.245 


14 


8.928 


3. 152 


2.990 


322 


.417 


19 


9.68.1 


3.317 


3. 160 


.334 


.420 


23 


9.779 


3. 625 


3.383 


.354 


.:j 


31 


10.338 


3.974 


3. M13 


.574 1 


34 


10.277 


4.014 


3.6U ; 




37 


10.373 


4.107 


3.713 


.825" 


* 


10.841 


4.553 


4.006 


. 440 


.752 






| 






AKKA PER GRAM. 




*vS 


Kq. tm. 
2,270 


S V3, 


A&lt;/. cm. 


VlMO 
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Discussion. 

At the bottom of Table V is given the area of each soil in square 
centimeters per gram as calculated from its mechanical analysis. 

This affords a 
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. Curve showing vari, 
Hour with increase in 



spheric humidity. 



n com 
parison of soil texture with 
absorptive power, and 
shows that in a broad way 
the absorptive power is 
greater for soils of fine tex 
ture, as would be expected. 
Gal vest on clay absorbs 
three times the mass of 
water vapor that Marshall 
silt loam takes up, while 

the calculated area of the clay per gram is not three times greater, 

but less than a third greater, than for the silt loam. 

DEPENDENCE OF MOISTURE CONTENT UPON HUMIDITY. 

Table VI contains a summary of the equilibrium points already 
given in Tables II, III. and 
IV that is, the percent 
age of moisture retained 
by each soil over each 
strength of sulphuric acid, 
a quantity which is practi 
cally the same as the per 
cent age absorbed by the 
air-dry soil from air satu- &gt;-c CCT of ~ O ,ST U *C 

I ated with moisture Over FIG. O. Curve showing variation of moisture in Podunk soil 
, . . with increase in atmospheric humidit v. 

the different concentrations 

of sulphuric acid used. Of course, during the evaporation from the 
moist soil the sulphuric acid in each desiccator became diluted. 

In Table VI is given the 

^ - initial and final strength of 

each portion of acid and 
the corresponding partial 
pressures of water vapor 
over this acid. Opposite 
these acid percentages are 
found the moisture con 
tents of each soil, quartz, 
Podunk, and Sea Island. 

In figures 5. 6, and 7 
curves are plotted from the 
data given in Table VI. showing the variation in moisture content 
of each soil with increasing atmospheric humidity. Ordiijates are in 





FIG. 7. Curve showing variation of moisture in Sea Island 
cotton soil with increase hi atmospheric humidity. 
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partial pressures of water vapor expressed in millimeters of mer 
cury; abscissas percentage of water in the soil. 

TABI.K VI. rarialton nf moisture content of soil with humidity under equilibrium 
conditions at 15 C. 



Strength of sulphuric m-i.l. Quartz. 


Podunk. 


Sat IiUnd. 


Initial. 

| Percent-Mm. 
94. i 0. 01 
56.40 6.00 
42. 55 12. 00 
29. 84 17. 90 
Water. 23.50 


Final. 


Drying 
out. 


Abwrb- 

in f 

innN- 

ture. 


Dryinj? 
out. 

Per cent. 
0.04 
.30 
.43 

.51 


Absorl&gt;- 
ing 
mois 
ture. 

Per cent. 

a 02 

.30 
.40 

.48 
1.24 


Drying 
out. 

Per cent. 

0.34 

2.80 
4.20 
6.08 


Absorb- 
in? 
ruoi.i- 
ture. 

Per cent. 
0.47 

4.10 

ft 70 

i 


Percent-ilm. 

8*3 0.09 

51. 2 8. 00 
39.0 14.00 
27. 1 18. 30 
Water. 23. 50 


Per cent. 

0.07 
.09 
. 11 
.12 


Per cent. 
0.07 
.10 
.11 

. 12 
.til 







80 



60 



The point on each of these curves figures 5, 6, and 7 corresponding 
to 23.5 mm., the partial pressure of water vapor at 25 C., may he high 
on account of the "dew point" effect produced by even slight tem 
perature changes, as suggested in the previous discussion. 

Because of the wide range through which the moisture content 
varies, the curve for Sea Island cotton soil in figure 7 is probably 
the most correctly de 
termined. Owing to its 100 
low percentage of ab 
sorbed water, errors 
caused by slight tem 
perature change-: are 
greater relatively for 
quartz, and its curve in 
figure 5 is less accurate. 
These curves in figures 
5, 6, and 7 resemble 
those given by van 
Bemmelen for the ab 
sorption of water vapor 
ly silicic acid at various 
partial pressures, save 
tliat for these soils no 
certain hysteresis effect 
is shown. However, \\- 
are here dealing with an adsorption effect rather than with imbi 
bition, especially in the case of quartz Hour; whereas van Bernmelen s 
hysteresis effect occurs with the colloidal silicic acid and is due mainly 
to imbibition; indeed, he gives data showing that the fineness of the 
silicic acid particles has no marked effect upon the mass of water 
vapor absorbed. 
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Fio.8. Curve showing variation of moisture in humus with 
increase in atmospheric humidity. 
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ABSORPTION OF VAPORS AND GASES BY SOILS. 



For comparison with this data, von Dobeneck s work upon the 
absorption of water vapor by humus in atmospheres of different 
humidity is given in Table VII. The equilibrium points are plotted 
in figure 8 and give a curve similar in form to that in figure 6 for 
the Podunk soil. 

TABLE VII. Change in moisture content of humus submitted to atmospheres of different 
degrees of humidity at 20 C., according to von Dobeneck. 



Humidity 30 per 
cent. 


[hmiidin .-)() per 
cent. 


Humidity 70 per 
cent. 


Humidity 90 per 
cent. 


Humidity 100 per 
cent. 


Period. 


Moisture 
absorbed. 


Penwi Moisture 
lod - absorbed. 


Period. 


Moisture 

absorbed. 


Period. 


Moisture 
absorbed. 


Period. 


Moisture 
absorbed. 


Days. 
1 


Per cent. 

1.08 


Days. 


Per cent. 
4.91 


Days. ! Per cent. 
1 8. 03 


Days. 


Per cent, 
a 10. 85 


Days. 


Per cent. 

a. 16. 11 


2 


2.96 


2 


5.77 


2 


8.47 


2 


11.28 


2 


16.49 


3 


3.47 


3 


6.41 


3 


8.74 


3 


11.65 


3 


16.75 


4 


3.62 


4 


6.96 


4 


9.00 


4 


12.06 


4 


16.93 


5 


3.68 


5 


7.36 


5 


9.31 


5 


12.48 


5 


17.09 




3.73 


6 


7.60 


6 


9.51 


6 


12.96 


6 


17.29 


7 


3.80 


7 


7.63 


7 


9.70 


7 


13.44 


7 


17.50 


8 


3.94 


8 


7.68 


8 


9.77 


8 


13.94 


8 


17.71 


9 


3.99 


9 


7.74 


9 


9.94 


9 


14.28 


9 


17.83 


10 


4.01 


10 


7.75 


10 


10.16 


10 


14.56 


10 


17.85 


11 


4.03 


11 


7.76 


11 


10.27 


11 


14.95 


11 


17.89 


12 


4.05 




12 


10.32 


12 


15.24 


12 


17.90 








13 


10.47 


13 


15.27 


13 


17.96 






14 ! 10 42 


14 


15 36 


14 


18 02 




15 10. 48 


15 


15.44 










10 


10.54 


16 


15.49 










17 


10 57 


17 


15 55 




:::::::::: :::: : : :::::: 




18 


10.58 


18 


15.59 









19 


10.59 


19 


15. 63 










20 


10.58 


20 


15. 07 

















a The sample of humus after being saturated in an atmosphere of a given degree of humidity was 
placed in an atmosphere of higher humidity and allowed to reach equilibrium. This process was 
continued up to an atmosphere of 100 per cent humidity. 

ABSORPTION OF OTHER VAPORS. 

In Table VIII is given the percentage of toluene (C 6 H 5 .CH 3 ) vapor 
absorbed by Galveston, Hagerstown, Marshall, and Norfolk soils and 
quartz from a saturated atmosphere at 28 C. Similarly, Table IX 
contains the percentage of ether taken up by the soils at 27 C. from 
an atmosphere consisting entirely of ether vapor. Comparing these 
results with those given in Table V it is seen that Galveston clay has 
the same relative absorptive power for toluene and for water, although 
the mass of water vapor retained is almost exactly twice that of the 
toluene. The Hagerstown, Marshall, and Norfolk soils absorb toluene 
vapor to the extent of slightly less than half the mass of water vapor 
each soil can take up. Galveston clay absorbs about one-half more 
ether than water by weight, while the reverse is true of Norfolk sand, 
and the other two soils take up about the same quantity of ether as of 
water. Table X gives the absorption of water, ether, and toluene 
vapors at 28 C. by a soil separate fraction obtained in the mechanical 
analysis of soils" whose grains varied from 0.1 to 0.05 mm. in diame- 

aSee Bui. No. 24, Bureau of Soils, II. S. Dept. Agr. (1904). 
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ter. Here the absorption of ether vapor is slightly higher than that 
of \vater, antl the toluene considerably lower. Still the quantities of 
all three vapors Absorbed are of the same order of magnitude. 

TABLE VIII. Toluene vapor absorbed by noils front a saturated atmosphere at 8 0. 



Period. 


i ,.ii\ . -tm. 
clay. 

Per cent. 
2.400 
2.097 
3.797 
4. 407 
4.791 
5.318 


Hagrrs- Marshall 
town loam, silt loam. 


Norfolk 
sand. 


Quartz. 

Per cent. 
0.112 

". 192" 

.272 
.2H5 
.285 


Hour*. 
18.00 
2S.25 
07.00 
139. 00 
1H7.00 
477.00 


Per cent. 
0.860 

""i."367" 
1.736 
1.851 
LOW 


Per cent. 
0. xio 
.853 
1.297 
1.529 
1.613 
1.759 


Per cent. 
0.07* 
.083 
.117 
.138 
.167 
.186 


IX. Ether vapor absorbed by soils, at 


27 ( ., .57.5 mm. prest 



Period. 


! Galveston 
clay. 


"Tfs 


Percent. 

4.320 


11.75 


4.84C 


16.75 


5.015 


.- 


5. 7(0 


.. 


5. 870 



Haters- Marshall Norfolk 
town loam, silt loam. sand 



Per cent. Per cent. Per rent. 

2.1,25 Z320 tt 421 

3. 580 3. 070 . 459 

3. 82 3. 310 . 470 

1 995 a 605 . 618 

4.371 3.895 .618 



TABLE X. Absorption of u ater, ether, and toluene vapors by a soil separate 
(0.1-0.05 mm.), at *&gt;8 C. 



Period. 


Toluene. 


Ether. 


Water. 


//ourt. 
17. 75 
25. .JO 
35. 00 


Per cent. 
0.264 

343 


Per cent. 

;- 
.515 


Per cent. 
0.367 
.418 


42.75 
100.73 
1 1 4. "&gt;0 


"" aw 


.699 
763 


.539 
009 


154. 25 


.405 






102.00 

a52.oo 






.624 
718 











ABSORPTION OF GASES. 
Absorption of air. 

Reich&rdt and Bliuntritt recovered the gas absorbed by vrrious 
soils and soil constituents from the atmosphere and analyzed it to 
ascertain what proportion of each atmospheric gas was held fixed 
in the soil. Their results are given in Table XI, and show that nitro 
gen is absorbed to a much greater extent than oxygen, and that 
each gas is retained to a different degree by different substances, a 
clear indication of the selective power which solids and gases mutually 
exert in absorption. 

Dewar has shown that all the inert gases argon, helium, neon, 
krypton can be condensed in charcoal as effectively as ordinary 
gases at suitable pressure and temperature. 



a Jour, prakt. Chem., 98, 47fi (I860), 
ft Proc. Roy. Soc., 74, 130 (1904). 
2787ft Bui. si-OS- 4 
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AbsvM-ptioti of oxygen. 

In iuKlition to iln&gt; pxperimenta of do Saussuro, Smith, v^tonhouso. 
tuul Keiohard! aiul lUuiutritt, sovoral sorites of investigations havo 
IHH X M oarriod out upon tho ahsorptiin\ of oxygon gas. .loulin," \vork- 
ing with ignitod ohaivoal, found tl\at oxygon \vasso quiokly al&gt;sorhi&gt;d 
tlat inoasuroinonts on tlu&gt; volooity of absorption \vori* not possihlo 
with tho moans at his oonunand. Bakor 1 has sl\t&gt;wn that a tom- 
j&gt;ora(uro of -l.V) (\ is roquirod to rooovor th&lt; gas from ohaivoal \\hioh 
has absorbed dry oxygon, and that tho gas thus obtained is mainly 
oarbon monoxido, onlv a littlo oarbon dioxidti boing fonnod. IV- 
\var, on tlu x other hand, bv using a low-temperature bath of liquid 
air has suoooodod in absorbing in ohaivoal moro oxygon than nitrogon 
from th(&gt; atmosphere, and upon warming tho ohaivoal to ordinary 
room temperature again a largo part of this oxygon is liberated, along 
with nitrogon. thus alVording a roady moans of obtaining oxygon from 
air by simply repeating tho absorption and liberation proooss till tho 
oxygon has tho dosirod dogroo of purity. Kiohards and Kogors, 1 
too, IUIYO shown that /.ino oxido doriyod from tho nitraio. (&gt;\on whon 
hoatod to yory high tomporaturos, retains nitrogon and oxygon. 
Morso and Arhuoklo oontirmod those results, but found no oyidoneo 
supporting Kiohanls and Kogors s conclusion that the absorbed oxygon 
eseapes moro readily than tho nitrogon. The /ino oxido was hoatod 
by Morso and Arhuoklo to a temperature sullieiont to molt oast steel 
and still retained per gram of oxide some 0.. J o. o. of gas whoso eom- 
position yariod the nitrogon between (U.IVJ and OS. IS poreent. and 
the oxygen correspondingly, while the total volume of ocoludod gas 
\vas very nearly constant for eight dilVoront experiments, 



"Compt. nnd.. JM&gt;, 741 
"Jour. Oliom. Stx\, 51, 2 
f Ohom. Nows, 1)4, 174 
&lt; Pnv. Am. Arsul., 2S. . 
* Am. Ohoiu. Jour.. SO, JlK) 



AIMOHI Tlo.N &lt;&gt;! IAKKH. 27 

A H"i j.t K.II of nitrogen. 

Mir absorption &lt;&gt;f nitrogen by NoiU IUIH l.n-u studied nn&gt; il\ m &lt; &lt;&gt;n 

ii, .1 with the absorption oi mi plu-ric gawK. Krom tin* work of 

Uric hard I at id Blum tritt, cited nl " &gt;\ i 1 1 n |I|M III M I Iml in gc no nl mi i 
.i- is absorbed by -&gt;d in "i. .H. i &lt;|iiniitii\ limn oxygen. Thin fiu-l 
is especially worthy of note, since the absorption of oxygen nnd nilro- 
j l-n from air l&gt;v watrr \ \\&gt;- a higher inii&lt;&gt; of \\"&gt; \\ to nilro^cn iti 
tln&gt; -.luih. n than the I I relation which r\i i in air. Thccxplana 
tion immediately miggested in thitl oxygen IN converted to ml...n 
dio\nle in tin- ml l.\ in linn uf (In- lr&lt; oinpctsing organic matter. Kill 
the himilar high ,il. .u pi i\ |,.,\\u .-I aluminum hydroxide, ferric hy 
dioxide, and magnesium carlniiinii- for nitrogen indicateH that In 
JH a real phenomenon, Kince theH&gt; NiilmtunceH hiive no way of masking 
their true almorptive power for oxygen hy &lt; ..n\ i tin/ il chnun idly to 
riii i.,ii dioxide, IIH a noil &lt;l.ic .. or to other oxiden. (iypNiiiii, loo, pre 
i . i the ratio Hi: i of nitrogen to oxygen \\lu-n il nh ml. Ihew 
^ n i from t he uir. 

Almoi ption uf carbon dioxid*. 

The determination of the actual quantity of carhon dioxide taken 
up hy a .soil from air in didicult, NIIICC the almorbeo! oxygen i. i i|pon 
the organic matter in the &gt;.il to yield cnrhon dioxide, and the decay 
ir. organic matter itself contairiN &lt; arhon and &lt;.\\-/. n which uddn 
still more carhon dioxide to the soil Him" |ili&lt; The slworption 
of carhon dioxide from an aiin&lt;&gt; pin containing ihiM \-.\ alone can 
I. . -limaN-d hy tin- K-dnctiofi of vapor prcHMire, hy a deiiNily deti-r- 
mination of the ^HH, or hy determining chemically n weight in M 
given volume of the &gt;/\\ lx&gt;fore and nfi-i contact with the m: 

Keichardt and Blumtritt d-l-riiiiiie&lt;l the per rent hy volume of 
c.iil.-.n .!: i.li al&gt;Horhed hy &gt;,n and noil coiiMtiliienN ( hey 
showed thai it JH prohahle that the oxygen of the nhKorhed air w 
converted to CO, in the peat; of Mi2 &lt;. e. gM ahnorhed from air, 
14 per rnt appearH an nitrogen, &gt; per cent an oxygen and /&gt;| per 
cent an carlM&gt;n dioxide. A Himiiar relation JH &lt; n for the garden oil, 
moistened clay, and river nilt. The ignited ferric oxide and aluminum 
oxidi- Ixith -.how higher absorption of oxygen than the hydrnted 
n\id&lt;-.. ami lower absorption of carhon dioxide. This indicateM that 
the absorption of carhon dioxide in dcjx nd&lt; -nt to a co;, 
extent upon the prewiiee of wat^-r in the al&gt;Horhing material, fuf 
evidence Ix-ing afforded hy the higher atmorption f arhon di. 
hy the tnoJHt ^ lay. 

Slieerrn ** r a ha Mtate&lt;] that the amount of carbon &lt;l 
jil) .f l,&lt;-.| by a Jry Noil in [&gt;roportional to the amount of ferric 
|.n - [,(. which would ap(M&gt;ar to !.&lt; a generalization haned on too few 

; nl. Cbn. Cntr., W7J, Wl. 
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observations. Von Dobeneck gives the carbon dioxide absorbed 

by soil constituents as follows: 

TABLE XII. Absorption of carbon dioxide by soil constituents according to ron Dobeneck. 



Soil constituents. 100 grains. 


COi absorbed at 


0C. 

Oramt. 
0.023 
.329 
2.501 
. 975 
.028 


10 C. 


20 C. 


30 C. 


Quartz 


Orams. 
0.021 
.298 
2.125 
5.702 
.053 


Grams. 
0.023 
.201 
1.773 
5.054 

014 


Grams. 
0.022 
.215 
1.479 
4.274 
.019 


Kaolin 


Fe (OH)j. ... 


CaCO,.. 



Kayser 6 attempted to express in absolute units the dependence of 
the absorption by glass fiber upon temperature and pressure. His 
aim was to measure the quantity of gas condensed by a known sur 
face under definite temperature and pressure (and therefore with 
known concentration of the vapor phase) and to utilize this relation 
to estimate the surface of fine powders from the quantity of gas they 
absorb. But he was forced to abandon this, since adsorption is not 
dependent solely upon extent of surface, temperature, and pressure. 
He found (1) that glass liber dried for a long time at high tempera 
ture adsorbs carbon dioxide, a few hours being required for saturation; 
(2) the adsorption increases with the pressure, and (3) decreases as 
the temperature increases. 

A little later Bunsen. using similar materials (glass fiber and car 
bon dioxide), obtained results at variance with those of Kayser, as 
follows: (1) Glass is not saturated with carbon dioxide in days or 
months, but only after several years have elapsed. Thus 1 sq. cm. 
of glass adsorbed of carbon dioxide at the end of the first year, 3.15 
c. c.: second year. -1.10 c. c. more; third year, 0.88 c. c. more. (2) 
Sudden pressure and temperature changes never produced a notice 
able evaporation of adsorbed carbon dioxide. (3) Sudden change 
of pressure within one atmosphere showed no effect upon the steady 
course of adsorption. (4) Within a temperature interval of 0.8 to 
23 C., rise in temperature favored adsorption and conversely. 

Bunsen d then showed that the difference between his results and 
those of Kayser lay in the method used to dry the glass fiber. At 
ordinary temperature glass may retain even in very dry air (over 
PjO 5 ) a layer of water as thick at 10.55 X 10~ 6 mm., and at 107 C. up 
to 7.03 X 10- 8 mm. 

Thus it is, easy to understand why pressure changes within one 
atmosphere show little or no effect upon the rate of formation of 
these thin films where the pressure amounts to hundreds of atmos 
pheres. Likewise the solution of gases in these thin films under high 

"Forsch. Geb. Agr.-Phys., 15, 201 (1892) 

ft Ann. Phys. Chem., 14, 450 (1881). 

c Ann. Phys. Chem., 20, 545 (1883); 22, 145 (1884). 

&lt;*Ann. Phys. Chem., 24, 321 (1885). 
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pressure appears reasonable, as well as the long period of time neces 
sary for the establishment of equilibrium. 

M iil fart h tt has investigated the adsorption of pises by glass pow 
ders, with the following results: (1) Perfectly dry glass powder 
adsorbs a considerable mass of carbon dioxide. This is contrary to 
the experimental results of K.rause. h (2) Glass powder dried at 420C. 
and rendered free from gas shows an adsorption of carbon dioxide as 
great as glass dried at 500. (3) The adsorption of the CO, by com 
pletely dried glass powder is normal; that is to say. it increases with 
increasing pressure and decreases with im-reasing temperature. (4) 
The adsorption of carbon dioxide by dried glass powder is completed 
in a short time - from one to two hours. (5) The presence of moisture 
renders the adsorption of CO, slower; nevertheless, in a few days it 
proceeds to completion, and the mass adsorbed is not greatly different 
from that taken up by dried glass powder at the same pressure and 
temperature. Consequently, the main influence of dampness ap 
pears to consist in rendering the process of adsorption slower. (6) 
The quantity of carbon dioxide adsorbed is not nearly so great as 
Bunsen found in his research using glass fiber. (7) The adsorption 
of sulphur dioxide by dried glass powder proceeds exactly like that 
of carbon dioxide, is completed in two hours, increases with increasing 
pressure, and decreases with increasing temperature. (X) At zero 
degress the following gases are adsorbed by glass powder and in the 
following order: Ammonia, sulphur dioxide, carbon dioxide, nitrous 
oxide (XjO), acetylene, in descending series. The gases, sulphur 
dioxide and ammonia, which are most easily condensed to liquid, are 
the most strongly adsorl&gt;ed. Nitrous oxide and carbon dioxide, 
which stand very near to each other in respect to the ease of their con 
densation at low pressures, are almost equally well adsorbed, but 
carbon dioxide i little more strongly. (0) Henry s law holds fairly 
well also for the adsorption of gas on glass powder. 
Absorption of ammonia. 

Ammon found that ammonia is absorbed by soil constituents 
as follows: Humus at 20 C., 11.5 per cent of its dry weight; ferric 
hydroxide, 4.7; quartz powder, 0.295; calcium carbonate, 0.23; kao 
lin, 0.42. When pure ammonia gas is absorl&gt; i d, small quantities of 
nitric acid are formed, relatively more in ferric hydroxide than in the 
other soil constituents. The absorption of ammonia in general 
decreases with increase in temperature, but near zero, Centigrade, the 
maximum quantity of gas is taken up, less being absorbed at lower as 
well as at higher temperatures. In view of the more recent work by 
Dewar 1 and others on the absorption of gases at low temperatures 
the actual existence of such a maximum as Ammon found is open to 
juestion. 

Ann. Phys. (4), 8, 328 (1900). c Forach. Agr.-Phys., 2, 34 (1879). 

ft Ann. Phy*. C hem., 36, 923 (1889). &lt;* Chem. News, 94, 174 (1906). 
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LIQUID 




FIG. 9. Curves showing vapor pressure of water, and of 
moist soils at various temperatures for case I, assuming 
that absorption increases with rise in temperature. 



VAPOR 



Von Dobeneck " has confirmed Ammon s conclusion that the absorp 
tion of ammonia is less the higher the temperature when working 
above zero, Centigrade. Von Dobeneck s quantitative measurements 
on the absorption of ammonia are in general of the same order of 
magnitude as those given by Ammon, and in addition von Dobeneck 
has shown that mixtures of soil constituents absorb ammonia and 
other gases additively, each material exerting its absorption effect 
independently of the others. He showed, too, that where a moist 
powder absorbs ammonia, the quantity of gas retained is very con 
siderably in excess of what the water can dissolve when separate from 
the powder. Thus, 100 grams water dissolved 43.9 grams of am 
monia, but when this same mass of water was held by 854 grams of 

kaolin, 56.5 grams of am 
monia were absorbed, an 
increase of 28.6 per cent; 
with 472 grams kaolin and 
100 grams water, 55.7 
grams ammonia were ab 
sorbed. Similarly the fol 
lowing powdered solids, 
each wet with 100 grams 
water absorbed ammonia: 
445 grams calcium carbon 
ate, 54.6 grams; 435 grams 
quartz, 53.1 grams; 329 
grams kaolin, 54.0 grams; 200 grams ferric hydroxide, 47.2 grams; 
202 grams humus, 78.5 grams; 186 grams kaolin, 51.9 grams. 

Schlosing h found that soils, whether acid or alkaline, dry or wet, 
absorbed ammonia from the atmosphere in appreciable amount. Cal 
cium carbonate in the soil increases the absorption capacity of the 
soil for ammonia. Absorption is in a high degree dependent upon a 
continual renewal of air at the surface of the soil, consequently, it 
makes a difference whether the surface be bare or covered with vege 
tation, since the plants tend to prevent circulation of the air in a layer 
near the surface. 

Pfeiffer r showed that equal changes in pressure produce about 
equal changes in the quantity of gas absorbed by different sorts of 
carbon. He found that the absorption of ammonia by charcoal 
decreased about one-half on heating from to 70 C. 

Absorption of hydrogen. 

The absorption of hydrogen is of minor importance from the stand 
point of soil chemistry. Joulin d showed that ignited charcoal absorbs 
hydrogen so rapidly as to render difficult a measurement of the veloc- 

Forsch. Agr.-Phys., 15, 201 (1892). b Compt. rend., 110, 429, 99 (1890). 

&lt; ("her die Verdichtung von Gasen duroh feste Korper; Inaug. Diss. Erlangen (1882). 
d Compt. rend., 90, 741 (1880). 
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ity, and recently Truvers" has studied the absorption of hydrogen 
by cocoanut charcoal at different temperatures. The numerous in 
vestigations on the absorption of hydrogen by metals need only be 
mentioned in this connection. 6 

EFFECT OF TEMPERATURE UPON ABSORPTION. 
THEORETICAL CONSIDERATIONS. 

Assuming for the particular substance, \vater, that the quantity of 
moisture absorbed by a soil from a saturated atmosphere varies with 
the temperature, there are two possible cases: 

(1) The amount of water absorbed increases with the rise in tem 
perature. For this case the vapor-pressure-temperature curves for 
the soils will cut the vapor-pressure-temperature curve for water, as 
shown in figure 0; this has apparently been realized experimentally 
bv Hilgard/ 



LIQUID 
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ICE 






VAPOR 



Q TEMPERATURE 

FIG. 10. Curves showing vapor jm*.siir&lt;&gt; of wnt-r, anil of moist soils at various temjvrittnri s for 
cas&gt; II. assuming that adsorption d-*-niisps with ris&lt;- in t-iiipTutiin&gt;. 

(2) The amount of water absorbed from a saturated atmosphere 
decreases with rise in temperature. This case is illustrated by 
figure 10. Here the lower limit of the vapor-pressure curves for soils 
is the vapor-pressure-temperature curve for ice, and the maximum 
quantity of water absorbed at any temperature whatever is the mass 
of water which can remain adsorbed by the soil, in equilibrium with 

Proc. Roy. Sor. London, 78, Ser. A, 9-22 (1906). 
& See Fischer, Ann. Phys. (4), 20, 503 (1906). 
c " Soils," pp. 196, 198(1906). 
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the complete system ice, "liquid water," water vapor, which exists 
at the triple point A. The dotted curves in figure 10 show the vapor- 
pressure-temperature curves for soils. The quantity of moisture in 
the soil remains constant along the dotted curve, which is limited in 
extent; above, it meets the vapor-pressure curve of liquid water; 
below, it cuts the vapor-pressure curve for ice. Here the absorbed 
water would begin to freeze at a lower temperature than free water; 
and when we remember the enormous stress under which water exists 
when in adsorbed condition, this conclusion is not surprising. 

EXPERIMENTAL DATA AND DISCUSSION. 

Four series of preliminary experiments were carried out. In the first 
three series 10-gram samples of dry quartz flour, Podunk fine sandy 
loam, and Sea Island cotton soil w r ere brought to equilibrium with water 
vapor in desiccators at various temperatures in the thermostat. The 

general trend of these 
results serves very 
well to show that the 
mass of water vapor 
absorbed decreases 
with the temperature. 
And by comparison of 
this series for Sea Is 
land cotton with a 
later series for the 
same soil under rigid 
conditions, using stop 
pered weighing bottles to avoid loss of moisture on the balance, the 
exact experimental error is seen at each point. 

The results for quartz flour given in Table XIII and plotted in 
figure 11 show a decrease of 91 per cent in the water absorbed for an 
increase of 74 C. 

TABLE XIIT. Decrease of absorption with temperature rise for quartz flour a in open 
dish over water. 



.03 .04 .06 .08 .10 .13 .14 .16 .18 .20 .2Z .24 



FIG. 11. Curve showing decrease in absorption of water vapo 
quartz flour with rise in temperature. 



. , Per cent. 

23 0. 23 

43 .11 

(12 . 05 

80 . 03 

97 .02 



j The same sample was used throughout. 



CT OF TEMPHKATl liK UPON ABSORPTION. 



88 



TABLR XIV. Decrease of absorption with tempt ratun rim for I odunk soil in open 
dish our uatrr. 



Ti-n:|.cr- 



\Vnter 

held l.y 

soil. 



f. I rrcrnt. 
i r . 0.81 I 

43 .15 1 

. 16 i 

80 .11 



TAHI-K XV. Decrease of absorption with temperature rise for Sea Island cotton soil in 
open dish over water. 



Water 

hrl l l 
soil. 



C. Percent. 

i 8,4 

.&gt; 4.84 

80 184 



TABLR XVI. Decrease of absorption irith temperature rise for Sea Island cotton soil in 
weighing bottles orer uatcr. 



T = r- Sfff" 



C. Percrnt. 

i5 &lt;. 7 



Podunk fine sandy loam confirms the general trend shown by 
quartz, as seen in Table XIV and figure 12. The soil absorbs over 50 
percent less water vapor at 43 than at 1&gt;5, and a rise in tempera 



ture of only 



from 1&gt;5 C 



100 
80 



60- 



i 

L 

N ao 



to 80, reduces the moisture 
content at equilibrium by 
&lt;S( percent. Sea Island soil 
in open dishes over water 
shows in Table XV a de 
crease in absorption of 42 
per cent for a rise of 32, 
and of 54.2 per cent for 55. 
A fourth series for Sea 

Til .... Kli. I- . Curve- -llou 

Island cotton soil is given vaporhv 1&gt;0(!imk %-, with risl . in t( . nil&gt; ,. n , tur&lt; , 

in Table XVI. The &lt; t uan- 

titv of water absorbed at 25 over water in a desiccator was deter 
mined, using a 20-gram sample in a weighing bottle which could 
be closed during the weighing to avoid evaporation. The data for 



2 .3 4 .5 
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this point are taken from the lower half of Table IV ami were obtained 
under accurately controlled temperature conditions; the equilibrium 
conditions were established after a run of ninety-seven days. 

The absorption at 100 C. was found by inclosing the weighing 
bottle with its 20-gram soil sample in a sealed tube over water. This 
tube was immersed in boiling water, as shown 
in figure 13, where T is the sealed tube; W, the 
weighing bottle ; S, a copper support to hold the 
bottle out of the water; G, a safety guard of 
gauze surrounding the tube T and also serving 
as a support ; C, a cork support for T and G ; II, 
hooks holding the gauze G to the corkC; B t , a 
beaker containing boiling water nearly to the 
ley el of the cork C; B g , a tall beaker inverted over 
Bj and serving as a condenser. 

With this arrangement water need be addixl 
to B! only every two days. On account of the 
high temperature, absorption proceeded rapidly 
to completion; equilibrium was established 
within a week, as shown by the values given in 
Table XVI. After one week 5.5 per cent of 
moisture had been absorbed, and another 
week s run gave practically the same value, 
5.4 per cent; so the system had come to equili 
brium. The difliculty met with in the other 
experiments, Tables XIII, XIV, and XV, did 
not enter here, since a closed weighing bottle 
was used. 

The data for the two points in Table XVI are shown in figure 14 as 
curve 1 ,and for comparison the data from Table XV are given on the 
same plot and to the same scale, with temperature as ordinate and 
percentage moisture in the 
soil as abscissa. . It is evi 
dent that the determina 
tions made in open dishes, eo 
curve 2, show less moist ure 60 
than those made in weigh 
ing bottles, curve 1. At 
80 C. this loss of absorbed 
moisture from an open 
evaporating dish during 
weighing amounts to nearly 
40 per cent, at 25 C. this 
loss is 13 per cent, and for 100 C. extrapolation of curve 2 indicates 
a loss of some 48 per cent of the total. The curves in figs. 11, 




FIG. 13. Diagram of appa 
ratus used to determine ab 
sorption of water vapor by 
soil at the boiling point of 
water. 



8 9 10 



FIG. 14. Curve showing decrease of absorption of water 
vapor by Sea Island cotton soil with rise of temperature. 



AMOKPTIOH CAPACITY. .TO 

2, and 14 show the same general trend, and together with the most 
accurately determined points in Table XVI and curve 1, figure 14, 
.how a decrease of absorption as temperature rises in a manner not 
pen to question. All of these curves bend upward steeply at 
uglier temperatures, since the absorbed moisture is held more firmly 
he thinner the layer in which it is spread upon the soil grains. 

Thus it is proved experimentally that absorption of water vapor 
&gt;y soils decreases very greatly with rise in temperature. A departure 
rom equilibrium conditions, which indeed seldom obtain in the field, 
ihows even greater decrease in the quantity of absorbed watiT as 
he temperature increases. 

ABSORPTION CAPACITY. 

It is of interest to see how .the absorption data are related to the 
surface presented by the grains of the different soils used. For this 
mrpose a general survey of the quantity of vapors absorbed by some 
&lt;&gt;f the soils studied in the foregoing sections is given in Table XVII. 

Unfortunately the area of a soil as calculated from its mechanical 
analysis (Table XVI II) can give only an approximate result, prob 
ably much below the true value. ThiLs in Table XVII it is seen that 
&lt; lalveston clay absorbs three times the mass of water vapor that 
Marshall silt loam takes up, while the calculated area of the clay is 
lot three times as great but less than a third greater than the silt 
loam. The results obtained with toluene were in general similar to 
hose obtained with water. The ether vapor behaves differently, 
,he clay taking in a smaller quantity than would be predicted from 
:he water and toluene results. 

Table XIX cdntains the calculated thickness of the layer of liquid 
absorbed upon the grains of each soil. The following assumptions 
were made in deriving these values: (1) That the film of absorbed 
vapor is uniform in thickness over all the soil grains; (2) density of 
water, 1; density of toluene, 0.89; density of ether, 0.73; as these 
densities are probably lower than the density of the surface film the 
value for the thickness of film is probably too high; (3) densitv of 
individual soil grains, 2.5; (4) that the soil grains are spheres; this 
assumption probably gives a value of the film thickness much too 
high; (5) that the fractions in the mechanical analyses are clean 
separations. In the last two fractions the diameters of the grains 
vary within relatively wide limits. The area of the soil grains is 
probably several times greater than the value given in Table XVII. 
For example, the quantity of water absorbed by (ialveston clay is 
much greater than would be expected from its area when the absorp 
tion capacity of the other soils ami their areas are considered. The 
clay and silt in the (ialveston clay greatly increase its surface beyond 
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that calculable from a mechanical analysis. It was on this account 
that the soil separate with grains varying only between 0.1 and 0.05 
mm. in diameter was used in this series, so that a more accurately 
determined surface might be used for the determination of its absorp 
tion capacity. 

TABLE XVTI. Area of soil grains as related to absorption capacity for vapors. 



. 




Water absorbed. 


Ether absorbed. 


Toluene absorbed. 


Soil. 


gram. 


Kighl 
days. 


Maximum. 


Eight 
days. 


Maximum. 


Eight 
days. 


Maximum. 




Sy. cm. 


I rr ct. I tr trill. 


Per ct. 


Per cent. 


Prr ct. 


Per cent. 


(Jalveston clay 
Marshall silt loam 


3,280 
2,320 


8.00 

2. X4 


12.00 
4.00 


4.80 

2. Mi 


(1. 00 
4.00 


4.79 
1.62 


i.7 


Hagerstown loam 2, 270 


2. 90 1 4. 50 


3.30 4.50 


1.85 




Quartz flour 1 , 260 


. 35 . 80 


1 


.29 


.4 


Soil sfjHinite (0.1-0.05) 
Norfolk sand 


320 
300 


.d7 1.00 
.29 : .45 


^45 !(12 


.41 
.17 







TABLE XVIII.- -Mechanical analyses. 



Soil. 


Average diameter of grain. 


0.005-0 
mm. 


2-1 mm. 


1-0.5 

mm. 


0.5-0.25 
mm. 


0.25-0.1 
mm. 

Per cent. 
7.0 
6.5 

4.3 
.2 
(i3. 7 


0.1-0.05 
mm. 


0.05-0.005 
mm. 

Per cent. 
30. 1 
54. 3 
56.9 
86. 2 
1.0 


&lt; ialveston clay 


Per cent. 
0.7 
.9 

.0 
.2 


Per cent. 
1.5 
3.0 
2.8 
.0 
6.3 


Per cent. 
0.40 
2.10 
1.70 
.05 
22. 20 


Per cent. 
28.9 
13. 9 
12.9 
8.0 
4.1 


Per cent. 
31.00 
19.10 
19.50 
5.42 
1.80 


Marshall silt loam 
Quartz flour 





TABLK XIX. Comparison of absorption capacity of soils for vapors. 



Soil. 


Vapor. 


Total 

quantity 
absorbed. 


Quantity 
per sq. cm. 
X10*. 


Thickness 
oi layer. 


Energy = la 
tent heat X 
grams ab 
sorbed. 






Grams. 


Grams. 


Cm. X 10 -. 




Soil separate. (0.1-0.05). 8 days ab 
sorption. 


Water. ... 
Toluene . . . 
Ether 


0. 6417 
.4049 

.770 


2.00 
1.26 
2.40 


2.00 
1.42 
3.25 


378. 2 
33.8 
65.8 




Water. ... 


12.00 


3.66 


3.66 


7,080.0 


Galvestonclay, maximum absorption.. 


Toluene . . . 
(Ether 


6.00 
6.00 


1.83 
1.83 


2.06 
2.51 


501.0 
518.0 


Marshall silt loam 


[Water. ... 

Toluene . . . 


4.00 

1.70 


1.72 
.73 


1.72 

.82 


2, 360. 
240.0 




Ether 


4.00 


1.72 


2.35 


345 




Water 


4.50 


1.98 


1.98 


2,655.0 


Ilagnrstown loam 


Toluene. . . . 
Ether 


1.85 
4.00 


.82 
1.68 


.92 
2.31 


155.0 
345.0 




Water 


.45 


1.50 


1.50 


265.5 


Norfolk sand , 


Toluene. . . . 


.25 


.83 


.94 


20.9 




Ether 


.62 


2.06 


2.83 


53 5 


Quartz flour 


Water .... 
\Toluene.... 


.80 
.40 


.64 
.32 


.64 
.36 


471.0 
334.0 
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TABI.K XIX. Comparison of absorption capacity of soils for rajxtrx Continued. 

*&gt; r Vapor. J- *: V I"-"*. 







Mm. C. ( 


. G. S. (.U.S. 


&lt;&gt;il wpumte (0.1 0.05 . 8 .lays al&gt;- 


(Water... 
{Toluene.... 


28. 1 28 
33. 5 28 


73 0.01 
28 . 005li 


Horptlon. 


(Ether 


575.0 28 


17 .&lt;Mr24 




(Water 


28. 1 




inlvi Htonclay. maximum al&gt;sorptU&gt;n. 


{Toluene.... 
(Ether 


33. 5 
575.0 . 






{ Water 


28 1 




larshull -ill loam.. 


Toluene.... 


33. 5 






Ether 


575.0 . 






(Water 


28. 1 




laifrrstown loam 


{Toluene.... 


33. 5 






(Ether..!! 


575.0 






(Water 


28. 1 




iorfolk n&lt;l 


{Toluene 


33.5 






| Ether 


575.0 . 




(iiurtr. Hour 


/Water 
{Toluene.!:: 


28. 1 
.53. 5 





This soil separate shows a film 2.0X10 :&gt; cm. thick, as against a 
thickness of . i.OO X 10 " cm. for Galveston clay and 1.5 X 10" :&gt; for 
s orfolk sand, while Ilagerstown loam and Marshall silt loam give 
values nearer that of the soil separate. Parks " gives a value for 
he thickness of a water film absorbed on glass wool, 1.M4 X 10~ cm., 
.vhich agrees closely with these results. 

In general, toluene gives a thinner film than water, while the ether 
Jiyer is thicker than that of water for all soils save (lalveston clay. 

If we assume the average diameter of a clav particle as 0.0002 cm., 
.Mid consider it to be a sphere, its volume is I.1 ( .X Ur 1 c. c. If 
i he water film be uniform in thickness over the surface of all the 
{rains, 2.00 X 10 " cm., as given for the soil separate, then the total 
olume of this clav particle with its absorbed water will be 7.25 y 
0~" c. c., and the volume of water alone :{.0(&gt; X 10" - c. c.. or 7- &gt; 
]-er cent of the volume of the clay particle holding it. and the radius 
&lt; f the particle is onlv ten times greater than the thickness of the 
vater layer surrounding it. There is very little doubt that this 
1 ygroscopic water is in part held in the fine capillary &gt;paces between 
tlie soil grains, but we have no sharp experimental method of ascer 
taining what fraction of the water is thus retained. 

A comparison of the quantities of water, toluene, and ether absorbed 
I v the various soils, with their surface tensions, viscosities, vapor 
I leisures, and latent heats of evaporation does not give a clue to 
t ie different absorption capacities found. It seems that each vapor- 
lias its own specific action which finds a counterpart in the selective 
absorption exercised by the soil. For any one vapor the absorption 

" IXK-. cit. 

ft Katao, t lxT die \Va.sserl&gt;ewepuni; in linden, llul. Col. Apr.. Imp. Fniv.. Tokyo. 
!\ .1. :?. No 1, 1897; Soyaka. Forw-h. \yr. Phys. S, I (1885): Whitney. Agricultural 
lv -i.-m-e. Vol. :i. p. 199. 1H89; llrijgr*. llul. X... 10. V . S. Dept. of Agriculture, Division 

|m Soil* (1897). 
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capacity of a soil is roughly proportional to the soil grain surface as 
calculated from the mechanical analysis. 

Finally, we see from the above considerations that for any one 
vapor the amount of absorption is proportional to the calculated 
soil area exposed, and that the thickness of film on any given soil 
surface varies with the nature of the vapor, but the data at present 
available are not sufficient to show that the thickness of the film is 
dependent upon the nature of the soil type. 

DISTRIBUTION. 

Solids in general do not completely absorb gases or vapors, but 
rather the gas is divided between the atmosphere and the solid. 
The greater the quantity of gas or vapor in the atmosphere, the 
more of it is held fixed by the solid, until the solid becomes saturated 
and can retain no more of the gas. A number of attempts have 
been made to express this relation between the quantity absorbed 
by the solid and the concentration of gas in the atmosphere, as a 
fairly simple mathematical equation. The chemical composition 
of the solid and that of the gas of course determine in great measure 
the degree to which absorption takes place, and this factor is expressed 
by a constant which is different for each solid and gas studied. The 
effect of temperature upon absorption is likewise recognized in the 
formula by a constant w r hose value changes with the temperature. 

De Saussure has suggested the formula V= 19. 1+0. 53 P, where 
V is the volume of gas adsorbed and P is the pressure in inches of 
mercury. This relation holds for carbon dioxide. 

x 1 

Ostwald 6 applies to gaseous adsorption the equation, = v&gt; 

which was developed for adsorption from solution, where x is the mass 
of gas adsorbed ; m, the mass of adsorbent solid ; C the concentration 

of the vapor phase; tv is a constant; and is an exponent. Freund- 
lich holds that adsorption from solution and from vapor by solids fol 
low the same law. and Ostwald s exponent, equals 1 -.where is 

p ] n n 

the exponent in the equation/ A = o f - J , proposed by himself. 

Loc. cit. 

b Lehrbuch der Allgemeine Chemie, II (2 Aufl.) 232. 

c A=ur ( ^ J n in simply an empirical relation, and is not derived analytically from 

the other equation, A=-^ln Qg^) S iven b ^ Freundlich. A and a are constants; a 
is total mass of gas in the system, and V is the volume of space available for the gas. 
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Thus Freundlich found working with liquid solutions, values for 
t , which range from 0.86 to 0.485, giving to f = \ - ) values from 

).l 1 t&lt;&gt; 0. ")!"). But the given bv Ostwald on the basis of Chappuis," 

P 

Joulin. and Kayser s results, for CO, adsorbed by various kinds of 
.harcoal, is higher, varying from 0.50 to o.7"&gt;. Further, Chappuis s 



for log against C is very concave for carbon dioxide, whereas 






if the exponential formula =(&gt; applies, this curve should be a 

straight line. So this formula of Ostwald s holds only indifferently 
well as far as this gas is concerned. 

Recently Travers has determined the distribution of hydrogen 
and of carbon dioxide between cocoanut charcoal and the vapor at 
100 , r.ir, 35, and - 7S, and for hydrogen at - 1&lt;M)C. He suggests 

the formula, ./ a constant, where P is the gas pressure and ./ 

the concentration of the gas, in the solid phase for each temperature. 
The value of // increases when the temperature falls. For CO., 
at 0. // ii; at 100, 7&lt; = 2; at higher temperatures n would prob 
ably e&lt;|ual 1 and then the distribution law would hold exactly-- 
i. e., become linear but it is possible, too, that n might fall below 
1. Hydrogen at -190 behaves exactly like CO., at 0: that 
is, /( = :}. Travers attributes the departure of the distribution law 
from a linear form at low temperatures to the influence of diffusion 
into the solid phase. On the contrary, Trout on e has assumed the 
formation of a liquid phase upon the surface of the solid to explain 
his curves representing the absorption of water vapor by cotton. 

It is seen that no one mathematical expression yet proposed 
describes the present data for the adsorption of gases by solids. The 
specific attractions of solid and gas, the diffusion of gas into solid, the 
condensation of gas to liquid, and the consequent clogging of capillary 
channels where the forms and arrangement of these minute spaces 
enter to determine the vapor pressure of the liquid there enmeshed, 
all these factors complicate the observed relation of mass of gas 
adsorbed to mass of gas left in the vapor phase. 

" Ann. Phys. Them.. 12. Kil (1881). 

& Ann. ( him. PhvH. io), 22, :J97 (1881). 

r Ann. Phys. Chem., 12, 520 (1881). 

d Proo. Hoy. Soc. London. 7H, S-r. A. 9 (1906). 

Proc. Roy. Soc. Ixmdun. 77, Ser. A, 292 &lt;190(i). 
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RATE OF ABSORPTION. 
DETERMINING FACTORS. 

The rate at which a solid absorbs a vapor depends upon several 
factors. These will be discussed in the following paragraphs. 
Chemical composition. 

In general, the chemical composition of the solid affects absorption 
to the extent that acid bodies tend to absorb basic vapors, and con 
versely. The magnitude of this influence varies from very pro 
nounced chemical reaction, such as the fixation of gaseous ammonia 
by solid acids to extremely weak acid or basic effects. 

Physical condition. 

The physical condition of the solid, its fineness of division, deter 
mines the surface available for the purely adsorption effect, which, 
with other conditions the same, is directly proportioned to the surface 
of the solid in contact with the vapor. As the solid is reduced to finer 
powder the number of solid angles between the granules is increased, 
as well as the surface of solid exposed, and the condensed vapor 
retained in these solid angles is added to that held by simple absorp 
tion. 

Viscosity of the vapor. 

In the case of vapor entering a soil at rest there is a damping 
term due to the viscosity of the vapor. After taking account of 
the probable diameter of the capillary spaces through which the 
vapor is to pass, the resistance which the vapor offers to being forced 
into the soil is the viscosity of the vapor multiplied by its rate of 
llow," and this rate of flow is the rate at which absorption is taking 
place. The diameters of the capillary spaces, too, become less as 
the surface of each grain takes on moisture, so the resistance to 
the passage of vapor increases as the absorption proceeds. Con 
sequently we should expect rate curves for soils to show a decrease 
in rate of absorption with time greater than that for absorption of 
vapor upon a plane surface, but this factor has been found to be of 
only minor import. 

Absorption capacity. 

The absorption capacity of the solid affects the rate of absorption 
to a marked degree. Where the absorption capacity is high, the 
speed of absorption is very great. 

See E. Wollny, Forsch. Agr.-Phys. 16, 193 (1893); Buckingham, Bui. No. 25, 
Bureau of Soils, U. S. Dept. Agr. (1904). 
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J: artial pressure, or humidity. 

The rate of absorption of water by soils varies for atmospheres 
&lt;&gt; different humidity in a manner similar to the change in rate .of 
t -aporation under different decrees of humidity, as can be seen 
ft oiu the curves in figure 15 for vSea Island cotton soil plotted from 
the data given in the lower half of Table IV. Ordinates are in per- 
c&lt; nt age of moisture in the soil, abscissas are in time in days. All 
the experiments begin at 4.4 per cent of moisture, the quantity re- 
t inrd by Sea Island cotton soil in air-dry condition. 

Van Bemmelen," Hellriegel, 6 Puehner, and von Dobeneck liave 
d termined the speed with which a soil absorbs water vapor. 




a 4 e a 10 

Tine IN DAYS. 

Curves showing rate of absorption of wator vi&gt;or 
clcgm* of humiditi 



They, too, give very regular rate curves, but these, as well as 
irks* rate of absorption of water vapor by glass wool, are like- 
se not described by a simple mathematical formula. Hantzsch/ 
s shown that the rate of absorption of ammonia gas by solid 
ganic acids in finely powdered condition depends upon the partial 
essure of the ammonia gas in the atmosphere above the solid acid. 
ing absolute ammonia, the reaction is fairly well described by the 



! 1 . fa \ 
rder reaction velocity equation, K " = . lg.( ) 



and 



on 



lliiution of the ammonia with air, this equation still holds if the 
&lt;&gt;tiil volume of gas employed is so great that the partial pressure 

&gt;f the ammonia is practically constant throughout the absorption 
ii . tcess. 

| If, however, the quantity of ammonia present in the gas is con- 

tit lerably reduced by the absorption, then the rate of absorption is 



Arch. Ner. (2), 10, 267 (1906). 
Fontc-h. Agr.-Phys. 6, 389 (1883). 
Land. Vere.-Stat., 46, 229 (1895). 



&lt;* Foreoh. Agr.-Phys., 15, 163 (1892). 

Phil. Mag. (6), 5, 518 I HI:; 

/ Zeit. phys. Chem., 48, 289 ( 1904). 
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no longer expressed by this first order reaction velocity equation, but 
is more nearly given by the second order equation, K = ^ . _f y - 

The same is true for the absorption of gaseous h} T drpgen chloride by 
solid organic bases. A similar effect is produced in the rate of absorp 
tion of water vapor by a soil as the atmospheric humidity varies. 

The rates of absorption of water vapor by humus from atmos 
pheres saturated at different temperatures, as determined by von 
Dobeneck (Table XX), show, too, that the velocity of absorption is 
greater the higher the relative humidity. 

The rate curves obtained from all of the foregoing tables are regular, 
but are not described by a simple velocity equation. 

TABLE XX. Rate of absorption of water vapor by humus, according to Ton Dobeneck. 



Quantity of water absorbed at 


0C. 


10C. 


o20 C. 30 C. 


H0 C. 620 C. 


630C. 


Per cent. 


Per cent. 


Per cent. 


Per cent. 


Per cent. 


Per cent. 


Per cent. 


0.12 


1.40 


1.96 


3.59 


1.35 


1.61 


2. 14 


..50 


2.47 


3.22 


6.27 


2.22 


2.48 


2.29 


88 


3.61 


4.84 


8.13 


3.24 


2.99 


2.32 


1.25 


4.57 


5.77 


10.03 


4.37 


3.47 


2.36 


1.79 


5.44 


7.11 


11.17 


5.28 


3.63 


2.39 


2.28 


6.19 


8.33 


12.39 


6.17 


3.77 


2.43 




7.01 


9.36 


13.61 


6.76 


3.92 


2.42 


3^30 


8.11 


10.18 


14.20 


7.28- 


4.01 


2.45 


3.70 


8.76 


10.88 


14.65 


7.61 


4.08 


2.49 


4.23 


9.34 


11.39 


15.34 


7.91 


4. 13 , 2. 48 


5.06 


9.65 


12.51 


15.98 


8.32 


1.15 




5.95 


10.37 


13.32 




8.49 






6.89 


11.13 


14.03 




8.60 






7.60 


12.02 


14.i&gt;4 




8.63 






8 32 


12. 83 


15.02 










9.09 


13.62 


15.28 










9.90 


14.20 


15.56 










10.61 


14 70 


15.86 










11.22 


15.03 


15.89 










11.83 


15.38 












12.43 


15.68 













12. 96 


15.95 








13.48 










13.99 










14.46 










14 89 










15.25 






. . . . . . . . .y.... ..... . 




15.59 













15 79 










15.90 















"Atmosphere saturated with moisture at tempera ttire piven. 
6 Atmosphere saturated with moisture at 0. 

Previously absorbed vapor. 

As will be seen from the data on the rate of absorption of vapors byi 
soils in Tables II, III, IV, V, VI, VIII, IX, X, and XI, the rate 
of absorption decreases as more and more vapor is held by the soil.l 
This effect is only what would be expected when we remember thatj 
the last portions of vapor absorbed and condensed to liquid form! 
exist to a considerable extent in the capillary spaces of the soil as 
well as in the form of films upon the surface of the soil grains. 
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4H 



: emperature. 

(a) It has been shown by the investigations cited above and by the 

lew experiments given in the section on the effect of temperature 

)[x&gt;n absorption, that in saturated atmospheres, at least, an increase 

n temj&gt;erature decreases the mass of vapor absorbed by a solid. (//) 

icrease in temjx^rature increases the mass of vapor which a given 

uliiine of air can hold at any one pressure. Theoretically, then, the 

= rst temjxTature effect (&lt;i) should reduce the time required to satu- 

ite the absorbing solid with vapor; and the second effect (/&lt;) should 

kewise hasten the absorption by providing a higher absolute quan- 

ty of vapor in the atmosphere for the solid to draw upon. This 

mclusion is borne out experimentally by the results obtained with 

*?ji Island cotton soil; at 100 0. only one week was required for this 

&gt;il to absorb all the vapor ft could take up, whereas at 25 C. this 

ime soil stood ninety-seven days over water before it ceased to 

8 -&gt;sorb moisture. Von Dobeneck confirms this effect of temperature 

pon rate of absorption as shown in Tables VII and XX. 

Joulin found that the time required to saturate charcoal with 

irbon dioxide decreased with increasing temperature at a constant 

ressure. 

RATE OF EVAPORATION. 

In a former bulletin the mechanism of evaporation lias been dis- 
issed in considerable detail/ In addition to the data on the evapo- 
ntion of moisture from soils under various degrees of humidity. 
1 hich have been given in Tables II. III. and IV. above, we repeat here 
i Tables XXI, XXII, 
SXIII. and XXIV the 
&lt;i at a in that bulletin on the 
rite of evaporation from 
v et soilsoverconeentrated 
s ilphuric acid at 25 C. 
The point brought out by 
t le evaporation data in all 
&gt;: these tables is that the 
rite of evaporation from 
a ay wet soil is fairly con- 
ant until the quantity of 
Hoisture still remaining in 
t le soil is approximately 
lat known as the "opti- 
uum water con tent "of the soil. At this point a gradual cjiange in the 
rite of evaporation takes place, as shown in figures 16, 17. IS, and H&gt;, 
which represent graphically the rate of evaporation indicated in Tallies 
MXI, XXII, XXIII, and XXIV. Referring back to figures 1, 2, 

Loc. cit. K omp. rend.. 9Q. 741 (1880). 

t Cameron and Gallagher. Bui. 50. Bureau &lt;&gt;f Soils, I*. S. Dept. Agr.. 1907. 
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and . I we see this same bend in the rale of evaporation curves^ 
which becomes less and less evident as the humidity of the atmos- 
phere of the soil approaches the saturation point, going from the par 
tial pressure of water vapofl 
of .)4 per cent sulphuriB 
ncid up to that of i he 
vapor pressure of \\atcr 
alone. As was stated in 
Bulletin 50, the moisture 
content of each of these 
soils at which this bend in 
the rate of evaporation 
takes place is in reality 
very close to t lie content 
of water in the soil \\hich 
gives it the best physical 
condition for plant gn&gt;\\ th. 
The reason for t his agree* 
which the rate of evaporation changel 
"optimum water content " has been alal 
The larger open spaces between the soil 
water first, and the later portions &lt; 
more from the finer capillary spaces im 



i|H&gt;nli(&gt;n of w.ii -r 



mi-Hi between the point at 
and the point known as the 
pointed out in Bulletin ."&gt;(). 
grains naturally lose their 
water evaporate more and 
the soil. When tin- 
water content o f the 
soil is reduced to siirh . 
a degree that the loosely ; 
held water in these more . 
open spaces must draw 
upon the water held as v 
a capillary film upon the 
soil grains, then very 
naturally evaporat ion 
proceeds more slowly. 
since the films are held by the soil grains quite tenaciously. At this 
same moisture content, too, where the pull of the capillary films of 
water upon the soil grains is brought into evidence, we would nat 
urally expect that the very fine soil particles might be rearranged into 
larger aggregates and thus furnish a more open structure better -uited 
for access of atmospheric gases and for the penetration of roots. 

In this connection it is interesting to note that Heinricli" has 
shown that the quantity of water in a soil required for plant growfl 
is always greater than the quantity of water the soil can take up 

oZwcitrr Ber. landw. Veir.-Stat. Rostock, p. 19 (1894): E. S. R., 7, 481 
Stv also Spalding. But. Gaz. 88, 122 (1904i. 



Looimrdtowi) soil. 
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f om a saturated atmosphere. A heavy soil containing a hi^fi per- 
ntage of moisture may hold the water so ahsortied that while the 
ant can get Home water, still it is by no means fully supplied. 



.060 



f. 

J030 



: 



e 



MO 



160 



FIG. 1 



-B XXI. RaU of evaporation from I odunk fine tnndy loam over .5 per cent tul- 
pkuric arid at 2.7* ( . , armrding to Cameron and Gallagher. 



Mean 
ontent. 



LOM Of Ix.M pfT 



27 4 
24.2 
21.3 
17. H 
14. H 
12.0 
S.7 
5.4 
24 

* 
OS 



4 . . 
IS. 7 

1-V 3 
99 

14 I 
99 
4.0 
20 

II. 
20 



1.04.VO 



.7140 
.4712 
. 1732 

.244. . 









ILE XXII. RaU of evaporation from Miami blark loam tntr 95 per rent tulphurir 
and at IF ( ., affording to Cameron awl fin 



I&gt;rioil. 






ixiur. 



PfT tfml 



r*.r e*rwm f 






*4 


. 


.4474 
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1.V 17 


.7422 
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4&4 


14..VI ; 


-71.V. 
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.90 
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1LOO 
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L 
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TABLE XXIII. Rate of evaporation from Leonardtown loam over 95 per cent sulphuric 
acid at 25 C. , according to Cameron and Gallagher. 



Mrnn 
moisture Period, 
content. 


Loss of 
moisture. 


Loss per 
hour. 


Per cent. ; Hours. 


Grams. 


Grams. 


2& 2 19. 00 


0. 9770 


0. 0517 


24.9 7.25 


.3555 


.0490 


21. 6 1 19. 25 


.9538 


.0495 


16. 4 22. 00 


1. 0902 


.0498 


10.7 


24. 50 


1. 1963 


.0488 


5.5 


22.75 


.9193 


.0404 


2.0 


24. 25 


. 4560 


.0188 


.7 


24.16 


.0904 


.C037 



TABLE XXIV. Rate of evaporation from muck over 95 per cent sulphuric acid, at 25 C. 
according to Cameron and Gallagher. 



Mean 
moisture 
content. 


Period. 


Loss of Loss per 
moisture. hour. 


Per cent. 


Hours. 


Grams. 


Grams. 


190 


9.50 


0. 6362 


0. 0669 


183 


15.20 


. 9590 


.0632 


174 


9.85 


.5905 


.0600 


168 


14.50 


. 8639 


. 0596 


154 


10.00 


. 5813 


. 0581 


147 


13.00 


.7474 


.0575 


141 


6. .50 


. 3744 


.05 7 6 


135 


17.50 | .9893 


.0566 


121 


17. 00 . &lt;&gt;591 


.0564 


110 


24.00 


1. 3233 


.0551 


95 


24.00 


1.2120 


. 0505 


84 


26. 30 1. 2332 


. . 0469 


74 


22.10 I .9320 


.0423 


60 


24.30 : .938S 


.0387 


52 


23. OC | .8352 


. 0363 


44 


24.00 i .7958 .0331 


37 


24.00 i .7372 ; .0307 


30 


24.50 i .0851 1 .0279 
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ENEEGY CHANGES. 

Poggendorff attributes the first experimental work on capillarity 
to Leonardo da Vinci, 1452-1519. A number of investigators a 
worked in the field before it was discovered that capillary phe 
nomena are accompanied by heat effects. De Saussure b during 
1812 to 1814 found that heat was evolved during the process of 
absorption. 

Pouillet c showed the rise in temperature of various powders and 
porous substances when moistened with a liquid. Unfortunately, 
he, as well as several investigators following him, neglected to com 
municate the weight of powder and of liquid used and their specific 
heats; so we are unable to calculate the quantity of heat set free. 
He gives merely the rise in temperature produced by adding liquid 
to the material, using water, oil, alcohol, and ethyl acetate with 

"Ann. Phys. (Gilbert s), 47, 113 (1814). 

b For a more extended survey of the literature see Trans. Am. Electrochem. Soc., 
11, 387 (1907). 

cAnn. Chim. Phys., 20, 141 (1822); Ann. Phys., 73, 356 (1823). 
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finrlv divided metals, metallic oxides, powdered glass, clay, and 
other substances, including a number of organic solids. Water 
added to inorganic solids gave a rise of 0.2 to 0.6 C., while with 
dried organic material the temperature rise sometimes reached 10 C. 

Ammon cites the observations of Von Babo 6 on the rise in 
t MM perat ure experienced by dry soils when subjected to an atmos 
phere saturated with water vapor. These experiments are qualita 
tive only, but they show the existence of the heat effect due to mois 
tening a powder; that it is positive, and thfct the temperature rise 
i&gt; greater with soils containing humus than without. 

Stellwagg c found a marked increase in the temperature on mois 
tening various soils and soil constituents with water and on sub 
jecting them to humid atmospheres. But he has given no data 
enabling us to calculate the number of calories liberated during this 
adsorption; consequently his data have only qualitative value. He 
concludes: (1) That the rise in temperature which the soil experi 
ences upon addition of water, in general is greater the drier the soil, 
the finer its grains, and the lower the prevailing temperature. (2) 
That the rise of soil temperature on addition of water to a per 
fectly dry soil is very considerable (8.33 C. for a calcareous sand 
rich in humus, 6.6 C. for ferric hydroxide, 5.57 C. for a loam soil). 

(3) That when water vapor is adsorbed by soil constituents a tem 
perature rise is observed as follows: Quartz sand, 0.00-0.25 mm. 
diameter, 0.88; quartz powder, 1.08; precipitated calcium car 
bonate, 1.47; kaolin, 2.03; ferric hydroxide, 9.30; peat, 12.25 C. 

(4) That the temperature rise due to adsorption of dry carbon diox 
ide by dry soil constituents is inconsiderable, with the exception 
of ferric hydroxide, in which case the rise is 6.9 C., while the moist 
gas is adsorbed with a much greater temperature increase. (5) That 
dry soil constituents adsorb dry ammonia and experience a con- 
-iderable temperature rise: Quartz powder, 0.80; precipitated cal 
cium carbonate, 0.80; kaolin, 2.05; ferric hydroxide, 18.05; 
peat, 28.3 C. Moist ammonia shows less temperature rise; for 
ferric hydroxide and for peat it is, respectively, 14.1 and 23.80 C. 

This heat evolved when a vapor condenses upon a solid absorbent 
was very naturally attributed to the latent heat of vaporization 
which became available- on liquefaction. But Favre rf found the 
heat liberated by absorption to be greatly in excess of the latent 
heat of vaporization, for three different gases; consequently, this 
assumption had to be abandoned. More recently Dewar has shown 



Forsch. Agr.-Phys., 2, 21 (1879). 

b Mulder. Chemic der Ackerkrume, Hand 3, p. 366. 

&lt; Forsch. Agr.-Phys.. 5, 211 (1882). 

M.i-lunanii, Molrriilar-Physik. I. p. 85. 

Th,.in. Newt, HI, 17 t 1906); Proc. l: - 71. 1904). 
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that hydrogen, whose latent heat of vaporization at its boiling 
point is 120 gram calories, gives off six times that quantity of heat 
when absorbed by charcoal at the boiling point of air. Similarly, 
oxygen gas when absorbed by charcoal liberates twice the heat due 
to liquefaction. 

The experiments of Parks a indicate that the quantity of w^ater 
absorbed by a powder from water vapor is very nearly the same as 
the quantity of water held on the surface of the grains when the 
powder is immersed in liquid water. lie has shown that a silica 
powder saturated with \vater vapor gives off no measurable heat 
when brought into contact with liquid water, whereas the dry silica 
liberates a definite quantity of heat per square centimeter of surface, 
and this heat evolution decreases in a perfectly regular manner as 
the silica powder contains more and more absorbed water vapor. 

Masson 6 has shown that the heat evolved when cotton absorbs 
water vapor is for practical purposes directly proportional to the 
quantity of moisture absorbed and is very nearly the same as the 
latent heat of vaporization. lie finds the absorption by cotton to 
be much greater than is warranted by its area as compared with sim 
ilar experiments using glass wool, and suggests as an explanation 
that the water absorbed penetrates into the cotton fiber as a solid 
solution. The thermal effect dealt with here is evidently different 
from that studied by Parks/ 

When a gas is absorbed by a metal many interesting physical 
changes in the metal may be effected. Its volume, hardness, elas 
ticity, electrical conductivity, and single potential and rate of solu 
tion in various solvent liquids are changed. The absorption of a 
gas, too, may depend upon its condition; that is to say, the energy 
it possesses. For example, free hydrogen gas is very slightly ab 
sorbed by iron and some other metals, but hydrogen freshly liberated 
from combination either by electrolysis or by action of metal upon 
acid is very strongly absorbed by iron. Palladium, on the other 
hand, absorbs free hydrogen with great avidity. 

SUMMARY. 

In the absorption of water vapor by quartz flour, a soil separate, 
and typical soils, the rate of approach to equilibrium between soil 
and water vapor has been followed at various degrees of humidity, 
and these equilibrium points determined. 

The amount of \vater absorbed increases with the humidity, but 
not in a simple mathematical relation. 

a Phil. Mag. (6), 5, 521 (1903). 

&Proe. Roy. Soc. London, 74, 249 (1904-5). 

.cLoc. cit. 
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Toluene and other vapors were compared with water vapor, using 
the same soils, and show in general an absorption of the same order 
of magnitude. 

The velocity of absorption decreases regularly as absorption pro 
ceeds, but it is not described by a simple logarithmic equation. 

Relatively small decrease in vapor pressure produces a marked 
increase in the rate at which the soil dries out. At the moisture 
content known as "optimum" for plant growth, a rapid decrease in 
the rate of evaporation takes place, and at this particular moisture 
content there are likewise changes in other physical characteristics 
of the soil, such as specific volume, resistance to penetration, etc., 
which altogether point strongly to a purely physical reason for the 
existence of a narrow range of water content in a soil at which plants 
thrive best. 

The content of water in a soil at which plants begin to wilt is greater 
than the quantity of water the soil can take up from a saturated 
atmosphere. A heavy soil containing a high per cent of moisture 
may hold the water so absorbed that while the plant can get some 
water still it is by no means fully supplied. 

The absorptive capacity of soil for water vapor is generally higher 
the finer the texture of the soil and the greater the content of humus. 
In general, productive soils have a very considerable capacity for 
water vapor. 

Gases are absorbed to a different degree by each solid substance; 
the different soil components all possess a considerable absorption 
capacity, and mixtures of these constituents absorb gases additively; 
that is, each soil material exerts its absorptive effect independently 
of the rest of the soil about it. Soil constituents moistened with 
water absorb gases in greater quantity than would the same mass 
of water alone. Easily condensed gases are in general absorbed 
more easily. 

Heat is evolved during the process of absorption, and this heat is 
greatly in excess of that given out by the condensation of the vapor 
to a liquid. 

For equilibria between soils and atmosphere saturated with water 
vapor over a temperature range from 25 0. to 100 C., the amount of 
water absorbed decreases with increasing temperature. This con 
firms the results obtained by earlier investigators for the absorption 
of water vapor as well as for gases in general. 

Absorbed gases are held with remarkable tenacity. Glass and 
minerals retain hygroscopic water up to 500 to X()0 C. 

See Cameron and Gallagher. Bui. 50, Bureau of Soila, U. S. Dept. of Agr., 1907. 
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Bodies which have been heated and then cooled in a vacuum show 
high absorptive pow r er; consequently, absorption can not be looked 
upon solely as the solution of a gas in moisture films upon the grains 
of the solid. 

In general, nitrogen is absorbed by soils in greater quantity than 
oxygen. This is especially interesting, since the absorption of oxygen 
and nitrogen from air by water gives a higher ratio of oxygen to 
nitrogen in the solution than the 1 : 4 relation which exists in air. 
The similar high absorptive power of aluminum hydroxide, ferric- 
hydroxide, and magnesium carbonate for nitrogen indicates that 
this preference of soils for nitrogen is a real phenomenon, since these 
substances have no w r ay of masking their true absorptive power for 
oxygen by converting it chemically to carbon dioxide, as a soil does, 
or to other oxides. 

The absorption of carbon dioxide by soils is due in great measure 
to the presence of hydrated oxides, such as ferric oxide, and humus. 
Kaolin, calcium carbonate, and quartz also absorb carbon dioxide, 
but in comparatively small amounts. 

Soils, whether acid or alkaline, dry or wet, absorb ammonia from 
the atmosphere in appreciable amount. 

No one mathematical expression has been found to hold generally 
for the distribution of a gas between the vapor phase and absorbing 
solid. The specific attraction of solid and gas, the diffusion of gas 
into solid, the condensation of gas to liquids and consequent clogging 
of capillary channels where the forms and arrangement of these 
minute spaces enter to determine the vapor pressure of the liquid 
there enmeshed, all these factors complicate the observed relation 
of mass of gas adsorbed to mass of gas left in the vapor phase. 
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PRKFACE. 



In the present bulletin Messrs. Patten and Waggaman have brought 
together the literature covering absorption of dissolved solids from 
liquid solutions, together with results of some important experimental 
investigations which have been carried on in this laboratory in con 
tinuance of the general work on soil. absorption which has been under 
way for several years. The importance of this subject for practical 
soil work, for fertilizer manufacture, and for various technical 
processes has long been known, but it is only within the past few 
years that its importance has become generally recognized. 

The principal object of this work has been to determine how absorp 
tion controls the concentration of the soil solution, which is the 
great nutrient medium upon which plants feed, and, further, to 
determine the effect of absorption upon the structure of the solid 
portion of the soil in modifying its power to hold and maintain the 
soil solution for the continued use of the plant. As a result of this 
work it has been shown that a number of modifying factors enter 
into each particular case, which makes it impracticable to formulate 
a simple general law which will account quantitatively for the dis 
tribution of a dissolved substance between the liquid solution and the 
absorbing medium, although it is brought out very clearly that under 
the ideal conditions, where there is no change in the surface of the 
absorbing medium, a simple mathematical law can be predicated a 
priori, which law is approximately realized in practice in those cases 
where it is known that the least amount of change takes place in the 
absorbing surface. The nature of these modifying factors, and in a 
general way the extent to which they enter, with especial reference to 
soil components, has been the subject of careful investigation, the 
results of which are here recorded. 

In general it may be said that our knowledge of the nature and 
character of absorption factors and their influence upon the concen 
tration of soil solution, and upon the react ions which take place between 
soil components and artificially added constituents, has been mate 
rially advanced, and that the further investigation of this important 
line of soil studies will be more easily and more rapidly prosecuted 
on the basis of the work presented in this bulletin. 

FRANK K. CAMERON. 
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INTRODUCTION. 

From the standpoint of soil chemistry the absorption of material 
from air and from soil solution is of the first importance. The 
absorptive power of the soil enables it to retain the soluble salts neces 
sary to plant life in spite of the leaching effect of rains, thus storing 
up soluble material from the weathering and dissolving soil grains 
for future needs of crops. Also it prevents the soil solution from 
becoming too concentrated. 

Besides this holding back of nutrient soluble salts, the absorptive 
power of a soil has an important part in determining its physical 
condition. There is a relation between the quantity of soluble salts 
absorbed by the soil and the size and compactness of the soil-grain 
aggregates; and upon the size and arrangement of these soil aggre 
gates, in turn, the optimum water content of the soil depends. The 
openness of a soil determines its ventilation, and thus likewise its 
opportunity for securing proper oxidation and for the forming of 
humus. The optimum water content a as determined by plant 
growth coincides in general with the percentage of moisture at which 
the soil has its maximum volume, and at this maximum the soil also 
shows its greatest openness or minimum resistance to root penetra 
tion. Thus a purely physicochemical reason is at hand for the exist 
ence of an optimum water content in soils, and we are now able to 
correlate several of the factors which determine the state of a soil 
known as "good physical condition." Likewise, through its absorp 
tive power the soil removes from soil solution and soil atmosphere the 
waste products thrown off by growing roots, 6 which products are 
detrimental or inhibitory to continued growth. 

Appreciation of these relations has come about gradually. Sand 
filters for purification of sea water and impure drinking water have 
been used at least since the time of Aristotle; the removal of salt-; 
from sea water by percolation through sand or earth filters wa- prac 
ticed in Huron s day. Dr. Steven Hales announced to the Royal 
Society in 17. W that the firM portion of -ea water pa rd through 
.-tone cisterns \\a- purr. Brr/.rlius filtered -alt -olntions through 
-and and found that the -alt content \va- more or !-&gt; removed: and 
Matteucie determined the concentration of salt in the solution after 
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it had passed through successive filters, and found the concentration 
to be successively smaller. The clarification of barnyard liquor and 
other colored waters by percolation through fresh clay or loam was 
mentioned by Sir Humphrey Davy in 1813, by Gazzeri in 1819, Lam- 
buschini in 1830, Browner in 1836, Huxtable in 1848, Bernays in 1849, 
and by Thompson and Way in 1850. It is especially interesting to 
note that as early as 1819 Gazzeri considered that loam and clay take 
up in their pores the soluble matters in solution and retain them to 
release them by degrees to the plants. In 1830 Lambuschini sug 
gested the name incorporation for the fixation of dung liquor by the 
soil, and in 1836 Browner insisted that soils held back even the 
soluble salts in dung liquor. 

Liebig found that aqueous ammonia passed through clay lost its 
odor, and Thompson and Huxtable verified the experiment. In 1850 
Way showed that soil likewise absorbed potassium, sodium, calcium, 
and magnesium, not only from solutions of their hydrates, but of 
their salts, with both strong and weak acids, the acid remaining in 
solution unabsorbed and combined with other bases leached from the 
soil. Phosphoric acid, however, was itself absorbed. Way believed 
the absorption or replacement of the bases to be total, but Voelcker 
showed that weak solutions of ammonia could circulate in the soil 
and still retain some of their ammonia unabsorbed, and Peters 6 
demonstrated that however weak the solution used, potassium was 
never completely absorbed. Frank c confirmed Peters s results, using 
the percolation method. Thus there was introduced the conception 
of distribution, the partition of a soluble substance between solid and 
liquid, so that no matter how small a quantity of substance be present 
there is a fraction of it left in solution. And the application of this 
principle has led to a much better understanding of the retention of 
soluble material by soils. 

Before proceeding to a detailed consideration of the different phe 
nomena of absorption a few precise definitions are in order. The term 
absorption is used in general to designate the process by which a solid 
or a liquid draws unto itself and retains within its structure or on its 
surface another solid, liquid, or gas. 

The simplest case of absorption is that of mechanical absorption, or 
imbibition, such as water held by a sponge, by porous solids like brick 
or charcoal, by powders, including soils, and by bodies which draw 
liquid or vapor into their most intimate recesses and swell, as, for 
example, starch with water, or rubber with chloroform. 

A second kind of absorption is where a solid retains another solid so 
that the two form a homogeneous body and the mixture is either a 

oStorer, Agriculture, 1897, I, pp. 201 and 316; also Jour. Roy. Agr. Sue., 1 1, 313 and 
3G6 (1850). 

ftLandw. Vers.-Stat., 2, 129 (180). 
"Ibid., 8, 45 (1866). 
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ih fi n it&lt; t-lit in ical com /&gt;&lt;&gt;ii IK! or a solid solution. The criterion of a solid 
solution is that when present in equilibrium with a liquid solution con 
taining the same components a variation in the percentage of these 
components in the liquid is accompanied by a corresponding change 
in t he composition of the solid phase. Thus free phosphoric acid added 
to a soil containing ferric hydroxide is absorbed in such a way that the 
more P.,O 5 there is in solution the more P,O 5 is found in the solid 
ferric hydroxide that is, the P 2 O 5 forms a solid solution with the 
ferric hydroxide, and its composition changes with that of the liquid 
solution above it. a An even more interesting case is that of the ab 
sorption of phosphoric acid by lime. Here the P 2 O 5 forms a solid 
solution with the CaO, the percentage of P,O 5 in the solid phase increas 
ing with increase of P 2 O 5 in the liquid phase until a certain concentra 
tion in the liquid is reached, and further increase of P 2 O;; in the liquid 
causes no increase of P 2 O. in the solid that is, a definite compound of 
CaO and P.O.-, has been formed. 

A special case of absorption has been termed adsorption, which 
may be defined as the existence of a difference in concentration or 
density of a film adjacent to a bounding solid and the concentration 
or density of the mass of the liquid or gas which bathes this solid. 

Whether this adsorbed film is in a liquid, solid, or gaseous state, 
or even loosely combined with the solid bounding medium, is not 
easily determined and has been the subject of much discussion. 
The change of state from solid to liquid and from liquid to vapor is very 
gradual. All the recent physical researches, dealing even with hard, 
polished "solid" surfaces, indicate a mobility of parts, an open 
ness of structure, and a high power of retaining foreign material. 
But the ability of one body to hold another upon its surface is de 
pendent upon the material of which each consists. So we are accus 
tomed to say that adsorption depends upon the chemical consti 
tution of the solid as well as of the substance adsorbed. Another 
way of stating the same idea is to attribute adsorption to a specific 
attraction between solid and adsorbed material. 

This preference of one material for another is well shown by the 
separation of substances in solution from each other by simply per 
colating the liquid through an absorbent body, which takes one 
substance from solution, while the other passes into the filtrate. 
This process has been called selective absorption and is of very wide 
occurrence, although its possibilities as an analytical and technical 
method of separation are only beginning t&lt;&gt; be appreciated. 

Throughout this paper the terms "solvent." "-olute." and "al&gt;- 
" are used with the following meanin 

: \ pure liquid used to dissolve &gt;&gt;me solid, liquid. &gt;i 
ti : The substance di&gt;-o)ved l&gt;y the solvent. 
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Absorbent: The solid body which when placed in a solution abstracts 
part or all of the dissolved material from the solution. 

Further, the terms "gel," "sol," and "colloid" are used with spe 
cial meanings: 

Gel: A number of substances, such as metallic oxides, are precipi 
tated from solutions of their soluble salts as amorphous solids. These 
solids frequently contain so much of the solvent from which precipi 
tation takes place that they have a jellylike consistency, and conse 
quently the term "gel" has been applied to them. When these gels 
are formed in an aqueous solution and the liquid held in combination 
with them is water, they are termed "hydrogels." 

Sol: By proper treatment it is possible to cause these gels to redis 
tribute or suspend themselves throughout the liquid from which they 
were originally precipitated. Such a resuspension of the precipitate 
in many cases has been found to consist of minute particles of the gel. 
Where this is the case the opalescent liquid thus formed is termed a 
"sol." Where the solvent used is water, such a suspension is termed 
a Jiydrosol. 

A colloid has been defined as a material which when dissolved will 
not pass through certain membranes, and has been considered to be 
of high molecular weight and consequent complexity; a crystalline 
substance, on the other hand, passes through these membranes. This 
distinction between colloid and crystalloid is not maintained so rig 
idly at present, for some crystalline materials show a very slow rate of 
diffusion through the membranes. At present colloidal solutions are 
considered to be made up of minute particles in suspension. Conse 
quently, if the absorption of materials from solution by finely divided 
solids is studied and the relation between this absorption and the for 
mation of these particles into larger aggregates and their consequent 
settling from suspension, it is found that the general phenomena there 
observed are parallel to those where the much finer particles of a col 
loidal solution or precipitated colloid are under consideration. 

The referring of various actions otherwise not clear to the presence 
of "colloidal material" does not now afford that satisfaction which 
it gave before the intimate relation between colloidal solutions and 
suspensions of larger particles had been recognized. 

In order to bring out clearly the general application of the phenom 
ena of absorption and the general principles derived therefrom, a num 
ber of solvents, solutes, and absorbents, in addition to soils and con 
stituents of the soil solution, have been studied. The establishment 
of these general phenomena in the case of pure substances where no 
life process enters strengthens very greatly our certainty in their 
validity when they are found to hold good for such very complex 
materials as exist in soils and soil solutions. 
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RESUME OF EARLIER WORK. 

Hoffman" in 185S, summing up the question of removal of nut rient 
sails from a soil by rains, says: 

It is very probable that each soil possesses a peculiar power of retaining certain 
nutrient material for plants. Hut this power appears to have a limit, and whatever 
material over and above this limit remains in solution, follows the movement of this 
solution. In this movement of water itself there appears to be a means at least for 
certain soils and certain relative positions of returning to the earth a part of the 
leached soluble salts. When the rains are not heavy the water in the soil does not 
penetrate very deeply, and during the evaporation consequent upon hot weather the 
water from oelow is again drawn up to the surface and its soluble .salts are returned to 
the fine soil grains. 

In 1866 Frank b investigated the absorption of potassium chloride 
by soil. He used cylinders 3 inches in diameter and 3 to (&gt; feet 
long. The soil was carefully removed from the field and 
placed in these cylinders, keeping the same relative 
position of the soil layers. Distilled water was passed 
till only a trace of chlorine came through, as shown by 
a slight turbidity when silver nitrate was added. Then 
he placed 4 liters of potassium chloride solution, 1 gram 
per liter (0.1 per cent), in a flask and inverted it above 
the soil, so that the liquid might percolate under atmos 
pheric pressure alone as the soil took it up, as illustrated 
in figure 1. He found that the salt solution drove out 
the water which remained in the soil, no diffusing of one 
liquid into the other being noticed. After he had made 
sure that the soil contained only salt solution, by analyz 
ing the liquid which drained from tap No. 2, 12 inches be 
low the surface of the soil, and finding that the same per 
cent of chlorine was in this liquid as in the original solution, 
he analyzed another portion of this same percolate and 
found that it contained only 9 per cent of its original 
potassium, i)l per cent being retained by 12 inches of soil. 
A ^iiuilar test of the percolate from tap 3, 18 inches below 
the surf ace, showed 4. 5 percent of potassium leftand 1)5. f&gt; 
per cent absorbed. The taps lower down (4, 5, 6, etc.,) 
showed little further decrease in the potassium in the 
percolates, and even after the solution had passed through 6 feet of soil 
it always retained 2 to 2.5 per cent of its original potassium. So then- 
appears to be a certain dilution of the solution in this ra&gt;e 1 part in 
in. HMO tn ."&gt;(), ODD parts at which \\atcr U more effective in holding 
the disMilved material than the absorbing power of the soil. 

".l:ilir.-sl.. Airr.-&lt; h in.. 1. Hi !V,x : &gt;.-. al.-, I.i.-l.ii;. Ann. Chem. u. IMiarm., 105, 
;n.ii\-n. ALTMII. /cituiii:. 1*"&gt;S. p. l;also Jalm-sb. ALT.-C h. in.. 1, 1-1 
s. Utidw. HT. x. 11. L858), p. 1. 
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Potassium is still more quickly absorbed from a solution of potas 
sium sulphate, so that with a potassium sulphate solution it will not 
penetrate the soil so deeply as with a potassium chloride solution. 

Frank found on using a solution of 1 gram pure potassium chloride 
and 1 gram sodium chloride to 100 parts of water that the potassium 
content of the percolate through 18 inches of soil still contained 18 
per cent of its original potassium, as against 5 per cent (average) 
when no sodium chloride was present. Likewise, after passing 
through 4 feet of soil the percolate gave 5 per cent of the original 
potassium content, whereas with no sodium chloride in solution the 
potassium content was reduced to some 3 per cent of that in the solu 
tion added. Thus the presence of sodium chloride lowers the absorp 
tion of potassium and carries it deeper into the soil. In addition, a 
cylinder of earth which had been allowed to absorb potassium from 
a pure potassium chloride solution was percolated with distilled 
water till the runnings showed no potassium in solution. Then 
a solution of sodium chloride was passed through and potassium 
immediately appeared in the percolates. Frank was not at all sure 
that this points to a chemical substitution of potassium by sodium. 

He found that the chlorine was absorbed from a sodium chloride 
solution percolated through earth and that most of the chlorine in 
the percolates was combined with sodium. It appeared to him, 
accordingly, that sodium chloride is not so easily decomposed by the 
earth as potassium chloride, and that a part of the sodium chloride 
is absorbed unchanged. Long-continued washing with pure water 
removed almost all the sodium chloride, while, as already stated, 
this can not be done in the case of potassium. 

Next he tried the effect of sodium chloride upon the most insoluble 
phosphates in the soil. The upper 3 inches of soil in a cylinder filled 
with earth (as above described) was mixed with precipitated well- 
washed basic calcium phosphate and the cylinder percolated with 
distilled water. The filtration through these cylinders 4 to 6 feet 
long took four weeks. At 12 inches below the surface only traces 
of phosphoric acid could be detected in the percolate; but, on the 
contrary, when sodium chloride solution (1 gram per liter) was passed 
through the soil phosphates were detected as far down in the cylinder 
as 4 feet and below. 

Salomon gives the absorption of calcium by various soils and 
soil constituents from several concentrations of calcium nitrate solu 
tion, to which was added sufficient ammonia to neutralize exactly 
the nitric acid of the calcium nitrate. The solution was placed with 
the soil in a flask, shaken, and allowed to stand forty-eight hours, 
filtered and analyzed and the absorbed calcium determined by 
difference. The results are given in Table I. 

aLandw. Vers.-Stat., 9, 351 U867). 
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TABLE I. Absorption &lt;&gt;f 



from nntnnini-nl calcium nitrate solution by soils, 
according to Salomon. 





Used in ex- 

perim6nt. 


CaOln 
200c.c. 

solution 
added. 


CaO re- 

m;iiniiitfin 
200 c.c. of 
solution. 


i ., - 
,,,ru-,| by 
100 grains 

SL 


Soil. 


*&lt;&gt;! 

tlon. 


Soil from Mdckern.. 


Gram*. 
100 
100 
100 
50 
100 
100 
50 
50 
50 
50 
50 
25 
25 
25 
50 
50 
50 
50 
50 
50 
25 
25 
50 
. -, 
25 
50 
50 
50 
50 
125 
100 
50 



C.c. 
200 
200 
200 
100 

n 

200 
100 
100 
100 
100 
100 
50 
50 
50 
100 
100 
100 
100 
100 
100 
50 
50 
100 
50 
50 
100 
100 
100 
100 
200 
200 
200 
200 


Gram*. 
0.1 
.2 
.4 
1.0 
.1 
.2 
.4 
1.0 
.2 
.4 
1.0 
.2 
.5 
1.0 
.2 
.5 
1.0 
.2 
.5 
1.0 
.2 
1.0 

:i 

1.0 

,:S 



:S 


Gram. 
0.0788 
.1580 
.3096 
.8120 
-:~ 
.1580 
I M 

.5960 
M 
.2701 
.8586 
.1071 
.2862 
.0979 
.1743 
.4306 
.8619 
.1704 
.3500 
.7396 
.0490 
.0576 
.0000 
.0226 
.309 
.0659 
.1664 
.2388 
.0106 

. : 
.8772 
.2184 


Oram. 
0.0212 
.0420 
.0904 
.1880 
.0152 
.0420 
.1656 
.4040 
.0708 
.1299 
.1414 
.0929 
.2138 
.3021 
.0257 
.0694 
.1381 
.0296 
.1500 
.2674 
.1510 
.9424 
.2000 
.4774 
.9691 
.1341 
.3335 
.7612 
.3894 
.6520 
.9565 
a.1228 
&lt;&gt;.2816 


do 


. ..do 


do . . . . 


Ku^i.in black earth.. . 


do 


do 


do... 


White " Kuja wischer 


do 
do 


lil.ick Kujawisehcr" 


do 


.. ..do 


k;i &gt;lin fr&lt; m S.il/miiTi li 1 


....do... 


do 

Tile clay 


do 
do 


Krrri.- tiviro\ji|e 
do 


Miniiiiiiim hydroxide 


do 


....do....*-.... 


.. M (hydnitwi) 
....do... 


do 
Kiiolm+ aluminum hydroxide, equal parts 
IIMI Drains kaolin+25 grams ferric hydroxide... 
VI grains kanlin+50 grains ferric hydroxide 
BoB from MUtotern 







o Effect of mass of earth used. 



The l)ehavior of the Russian black earth, which contains 9 to 15 
per cent of humus, compared with those soils poor in humus, shows 
that the humus in the Russian black earth must be already saturated 
with bases. Salomon s predecessor, Pochwistneff, had already found 
by direct investigation that this is the case and that the black earth 
contains calcium hamate. The soil from Mockern shows a lower 
absorption than the black earth for a solution containing 0.5 gram 
calcium oxide per liter, and both soils show the same degree of absorp 
tion for a 1-gram calcium oxide per liter solution. The other soils. 
as, for example, the white "Kujawischer" soil, which contains 
hardly a trace of humus, nevertheless show an absorption for calcium 
nearly equal to that of humus-rich soils, such as the black "Kujawis- 
cher" and the Russian black earth. 

The similarity between tin- Ku--ian black earth and the tile clay 
in that both show a change in absorption with increa-inu r concen 
tration suggests that the cause can not be ill the hunnis content 
of the black earth. Salomon consider- that such a calcium solution 
aa \\a- u-cil would probably not act upon humic aciil which had been 
already &gt;aturate&lt;l \\ith l.a&gt;e- and would probably be changed only 
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where free humic acid, or humic acid dissolved in carbon dioxide and 
alkalies, is present. 

It is evident that all the solute is not withdrawn from the solu 
tions even at low concentrations ; apparently the aluminum hydroxide 
absorbs all the calcium from a 0.1 per cent solution, but this exception 
to the general rule was doubtless due to the presence of ammonium 
carbonate in the alumina, which precipitated the calcium as car 
bonate. The aluminum hydroxide was prepared from aluminum 
sulphate by ammonia and washed with ammonium chloride. 

The white "Kujawischer" soil (entirely free from calcium) absorbed 
almost the same mass of calcium from a 0.2 per cent solution as from 
a 0.5 per cent solution. This means that the absorption capacity 
is limited. The black "Kujawischer" soil shows a similar tendency 
toward an absorption limit. 

Biedermann a prefaces a research on absorption as follows: 

Since it has been made clear that of itself the chemical analysis of a soil can give no 
indication as to its value in respect to cultivation and crop yield, one is forced to study 
the properties of the soil in other ways, and thus it is soon discovered that the absorp 
tive power of the soil for soluble fertilizers the ability to fix the same and then to 
give them up to the plants is of great significance for practical agriculture as well as 
for the interesting philosophical question, In what form do the plants obtain their 
nourishment from the soil? 

Biedermann studied the absorption of potassium and of phos 
phates by soils, and he showed the magnitude of the absorption 
effect for a number of soils. He concludes that chalk, magnesia, 
and sulphuric acid do not affect absorption by the soil, and suggests 
that by use of a suitable solute the absorptive power of a soil may 
be determined possibly by potassium phosphate. He tried potas 
sium carbonate solution, percolating it through different soils and 
titrating the liquid passed through with sulphuric acid, but the results 
were unsatisfactory. 

The quantities of potassium absorbed by different soils vary con 
siderably, and it is certain that the magnitude of absorption is in 
accord with the value of a soil, although neither the quantity of bases 
extracted from the soil by means of ammonium tartrate-oxalate solu 
tion, nor the ferric hydroxide or aluminum hydroxide content of the 
soil, nor the quantity of humus in the soil as shown by weight loss 
on ignition give a certain indication of the soil s productive power. 

Treutler b in a series of researches has studied the absorption and 
resolution of potassium by soils as affected by other fertilizer agen 
cies. In all his work he used cylinders 9.7 cm. wide and 90 cm. long. 
Into each cylinder was shaken 4 pounds of earth (containing 85.5 per 
cent of fine earth), and then 0.5 pound of earth was rubbed up with 

oLandw. Vers.-Stat., 11, 1, (1869). 

b Landw. Vers.-Stat., 12, 184 (1869); 15, 371 (1872). 
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the |&gt;ot;i-v-ium stilt niul \\itli the frrt ili/rr. whose effect upon the 
absorption of potassium it was &lt;le&gt;irr&lt;| to study. The 4.5 pounds of 
earth had a depth of 29 cm. in the cylinder. In each experiment 
the earth was weighed air dry. The quantity of potassium salt was 
so chosen that exactly 1 gram of potassium oxide was added to the 
4.5 pounds of earth. For comparison blank experiments were made, 
U8IDg each potassium salt alone and the cylinder then percolated with 
distilled water to ascertain the per cent of potassium the earth would 
absorb. The 4.5-pound portion of soil required 672 cm. of water 
to saturate it, so that in each experiment 1,672 c. c. of water were 
passed through the soil in order to obtain a liter of percolate. This 
same percolate was repassed through the soil 12 times in order to 
obtain the equilibrium conditions. Table II is compiled from 
Treutler s results: 

TABI.K II.- Effect of various fertilizers upon the absorption of potassium by a soil, com- 
jnledfrom the results of Treutler. 

[Four nil one-half pounds of earth 29 centimeters deep, percolated 12 times with the same percolate, 
l/&gt;72 cubic centimeters in volume, to insure equilibrium.] 



Potassium absorl&gt;ed. 



Fertilizer added in top 0.5 pound of soil. 


1.K49 grams 
K&gt;so, 
added. 


2. 146 grams 
KNOj 
added. 


1.583 grams 
KC1 
added. 


1.467 grains 
added. 




Per cent. 
45.3 
81.6 

~. i 
89.7 
93.2 
93.0 
96.3 
86.3 
- 7 

90.2 
90.4 
H x 
7 
93.9 
-; 
697.9 


Per rent. 
54.43 
95.09 
95.12 

7; 
93.62 
90.68 

V V 

V. - 
83.52 
90.01 
82.25 
M 

M a 
i 

a91.75 


Per cent. 
58.0 
79.8 
80.7 
82.2 

91.3 
91.5 


Per cent. 
51,52 

., - 
- 
97.00 
90.31 

- 

83.75 
88.37 
91.98 

93.05 

! 

95.62 

- : 




Hone Must. .V) grama 




Cow manure, ft) prams 


Shi- p manure . so prams 


Cow urine, 1L ."&gt; prams 


Ammonium carbonate, 20 prams 


85.0 
86.1. 


Superphosphate, 2&lt;&gt; prams 


&lt; I vpsum. JO prams 
Humus soil, 250grams+(NH&lt;)x(CO A )y, 20 grams 
Water containing carbon dioxide, i liter 

on mapne-ium sulphate, :{.r.&lt;.iN grams 


88.6 
88.7 
92.9 


95.4 
694.7 


Distilled water alone passed through soil 



Landw. Vers.-Stat . i:,. 



h I,andw. Vers.-St.it . !_ . r&lt;: 



Treutler found that the greatest quantity of potassium was absorbed 
from the sulphate, the carbonate, chloride, and nitrate following in 
the order named, and he concluded, therefore, that a deeper pene 
tration of potassium into the soil was secured by the use of potassium 
chloride than by the use of potassium sulphate as a fertili/.er. lie 
found, further, that the relative absorption from the&gt;e two salts trafl 
not materially afl eeted l.y the addition of other salts and of the 
common fertilizers. The absorption of the potassium from the car 
bonate and nitrate i&gt; more affected by other agencies than is the 
absorption from the ^ulphate &lt;&gt;r from the chloride, the absorption 
from the carbonate heiiiL r all eeled to the greatest extent. 
80679 P.IIII..VJ MS _ 
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In general, the addition of other mineral salts depressed the 
absorption of potassium, a marked influence being noticed in the 
case of sodium chloride, which further brought into solution in the 
soil percolate noticeable quantities of magnesium salt; and for this 
reason Treutler concludes that sodium chloride is harmful rather 
than beneficial as a fertilizer. 

Bone dust and superphosphate depress the absorption of potas 
sium; and Treutler considers them especially useful on this account, 
as they tend to increase the concentration of potassium salts as well 
as of phosphoric acid and ammonia in the soil solutions. Gypsum 
and magnesium sulphate were found to increase the concentration 
of potassium in the percolate. Ilumus, and especially humus mixed 
with ammonium carbonate, appeared to decrease the absorption, 
which effect is attributed to the formation of large quantities of car 
bon dioxide from the humus. 

Knop a includes under absorption the process of conversion of a 
solid first to soluble form and then the spreading of the substance 
upon the soil grains in such a way as to withdraw it from solution, 
regardless of whether chemical affinity or surface attraction is the 
cause of this retention or whether the substance absorbed is decom 
posed chemically or absorbed unchanged. He used a solution of 1 
gram ammonium chloride in 208 c. c. of w r ater to determine the absorp 
tive power of a soil. One hundred grams of earth were taken for 
analysis. The nitrogen corresponding to the ammonia still left in 
solution was determined and the number of cubic centimeters of 
nitrogen absorbed by the soil taken as the measure of the absorptive 
power of the soil. Using this method, he found the absorption of 
ammonia by 38 soils which had been analyzed chemically. 

In a few cases he compared the absorption of potassium with 
that of ammonia. For this purpose he employed an analytical pro 
cedure which has since been followed by a number of investigators. 
These two analytical methods for ammonia and for potassium are 
given in detail here, since a number of investigators have used them 
to express their data on the absorption by soils in terms of Knop s 
absorption figure, i. e., the cubic centimeters of nitrogen (as ammonia) 
absorbed by 100 grams of soil, from 200 c. c. of the ammonium chloride 
solution described above. A potassium carbonate solution was taken 
of such concentration that 100 c. c. contained exactly the weight of 
potassium equivalent to 100 c. c. of nitrogen gas. Fifty cubic cen 
timeters of this solution plus 50 c. c. of the above ammonium chloride 
solution when evaporated to dryness gave all the potassium as chloride, 

Knop s book, Die Bonitirung der Ackererde, published by H. Haessel, Leipzig, 
1872, 2d edition, is not generally available. We are indebted to the Massachusetts 
State Experiment Station, Amherst, for the use of their copy. 
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tin- ammonia and carbon dioxide going olT upon ignition. But when 
one adds l&lt;nt &lt;. R of th&lt;&gt; aniinoniuni chloride solution to 50 c. c. of 
this potassium carbonate solution and evaporates to dryness there 
remains suilicient ammonium chloride to give by the nitrometer 
method 50 c. c. of nitrogen. This fact was made the basis for a quan 
titative estimation of the potassium by adding ammonium chloride 
to the potassium carbonate solution, evaporating, and then deter 
mining the nitrogen in the residue. 

Knop believed that the absorptive power of a soil was propor 
tional to the "Aufgeschlossene Silicatbasen," i. e., such substances as 
ferric oxide, alumina, etc. His data, on the whole, seems to bear out 
this conclusion. But later investigators" have shown that this is by 
no means the sole factor to be considered; and, indeed, Knop him 
self admitted this. He found the absorption for one and the same 
soil a constant, but seems to have no clear idea of the effect of end 
concentration of solution upon the quantity of solute absorbed. 
While he recognizes that substances in a soil capable of forming well- 
defined chemical compounds will of course absorb from a solution the 
material with which they can combine, he still observes phenomena 
in the absorption of potassium and of ammonia which he can not 
explain in the ordinary chemical way. He thinks the absorption of 
phosphoric acid may be explained as due to chemical combination, 
and if it were merely a question of the absorption of caustic potash 
or of ammonium hydroxide he would class these also as reacting 
chemically with the soil. But he finds that the selective absorption 
the separation of these bases from the strongest acids by soil and 
the effects upon absorption produced by varying quantities of soil, of 
solvent, and of solute all complicate the problem so much that he 
can not give a simple chemical explanation of it. He shows, too, that 
the power of a soil to absorb moisture from the air parallels in gen 
eral its absorption of ammonia from ammonium chloride solution. 

Frey fr continued the work of Knop and confirmed his results. 

I &gt; illit/ r showed that soils possess a saturation point for ammonia 
absorbed from ammonium chloride solution, and Fesca d recognized 
the influence of extent of soil grain surface in determining the absorp 
tion capacity. In 18S7 Kellner confirmed Pillitz s experiments and 
from new work concludes that ammonia and potassium are absorbed 
in chemically equivalent quantities by s&lt;&gt;iU. Kcllncr extnx-t- 

"See Sachsse, Lehrbuch &lt;ler AgrikulturcheinH*, p. !&lt;&gt;!&gt;. M-l:r ;il&gt; i-im- LMH- ^mln- 
\iiimherunganeinVerlmltiiis.-; /.wis.-ln-M :IIII L -.-&lt;-|||,.&gt;&gt;.-IH-II Silik:iil&gt;;i.&lt;.-n un.i A i 
inn liissi sidi nidit orwarten." 

&Lanclw. Vers.-Snu Is. :: 

cZeit. anal. &lt; IK-HI.. II. 

^ Die agPOttomiadM BodonunteMtduing und Kartirun^. i^7 .i. p. :&gt;. 

Lamlw. \Vr-.-Stut.. 3:!. 
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absorbed potassium from a soil thus: The soil (20 grains) is heated 
with 50 c. c. saturated ammonium chloride solution for a half hour, 
the solution poured off, the soil washed with hot distilled water, and 
fresh ammonium chloride solution added to the soil. This extraction 
is repeated (fifteen to twenty times) until the filtered solution leaves 
no solid residue upon evaporation and ignition. -In this manner he 
recovers slightly more potassium than the soil had taken up from a 
known potassium chloride solution. This recovery is especially 
interesting since Way and Eichorn, Dietrich, 6 Peters/ and Schuh- 
macher d were all unable to substitute completely one absorbed base 
by another. This method of substitution used by Kellner is essen 
tially a percolation, and recognizes in a practical way the distribu 
tion of potassium between soil and solution. lie also suggests that 
absorbed potassium may be more firmly fixed in an insoluble form, 
as, for instance, by internal arrangement of the double silicates con 
taining water/ He further concludes that for potassium and calcium 
it may be considered as settled that these elements can afford nourish 
ment to plants only when in dissolved or in absorbed condition. 

Fiedler/ has investigated the effect of sodium nitrate upon the 
absorption of phosphoric acid and potassium by soils. He concludes 
that the sodium nitrate prevents the percolating soil moisture from 
carrying phosphoric acid down with it to lower levels. On the other 
hand, potassium is less absorbed in the presence of the sodium nitrate 
and is carried deeper into the earth. When calcium is present in 
the soil in goodly quantity, this effect of sodium nitrate upon the 
potassium is not observed, while the sodium nitrate still is able to 
act upon the phosphate to prevent its removal by leaching. Fiedler 
suggests that as the quantity of sodium nitrate is increased more 
calcium nitrate is formed, and that this precipitates the phosphoric 
acid of the soluble phosphates as insoluble calcium phosphate. 

Van Bemmelen,^ in 1888, sums up the results of an extended 
research upon the absorption of soluble material from solution by 
soils and soil constituents as follows: 

Absorption compounds are formed from their components according to inconstant 
molecular ratios. They must be distinguished from chemical compounds, although 
they may often be rearranged into definite chemical individuals. Colloidal substances 
form such absorption compounds with water or other liquids, and with bases, acids, 
and salts when in contact with their solutions. The absorptive power of a colloid 
depends upon its molecular state of aggregation, and is also different for the different 

a Jour. Roy. Agr. Soc., 11, 313 (1850). 

fcJahresb. Agr. Chem., 1, 29 (1858); 5, 12 (1862). 

clbid., 3, 11 (I860). 

&lt;*Ibid., 10,21(1867). 

Landw. Vers.-Stat., 33, 364 (1887). 

/Landw. Vers.-Stat., 26, 135 (1881). 

0Landw. Vers.-Stat., 35, 136 (1888). 
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substances which it absorbs. The power of absorption decreases as the colloid holds 
absorbed more and more of the sulistance. The relation between the concentration 
in the colloid and the concentration in the Holution at equilibrium is a complex func 
tion (still unknown) of these concentrations and of the temperature. The absorl&gt;ed 
substances may l&gt;e substituted by other substances absorbed from solution by the 
colloid; bases may in this manner be substituted for the bases of a salt solution. Col 
loids may often produce chemical decomposition of salts by their power of absorption. 
The soil contains colloids, colloidal silicates, iron oxide, silicic acid, and humus sub 
stances, all of which may bring about these actions. 

Van Bemmelen thinks that the absorptive power of a soil is mainly 
to be ascribed to the colloidal oxides and silicates present in it. 

Humus substances are decomposition and degradation products 
of carbohydrates, albuminoids, etc. Humus will absorb ammonia 
and organic materials to a greater or less degree. Natural humus 
contains nitrogen, of which a part may be driven off as ammonia by 
dilute potassium hydroxide; on treating further with strong potash 
solution ammonia is unmistakably given off anew. He states that 
when peat is analyzed it shows the presence of alkali bases, which 
for the most part must be absorbed, since the ueat is lacking in 
mineral acids sufficient to neutralize them. 

Consideration of the solubility of the humus substances shows 
that some exist which are of themselves soluble in water. Some, 
indeed, according to Van Bemmelen, may go through colloidal mem 
branes on dialyzing, but for the most part their solubility is a colloidal 
solubility. They form generally opalescent liquids when they are 
dissolved. Frequently the solubility depends upon small masses 
of alkali or of ammonia. Often the humus constituents may be 
separated by the influence of a small mass of acid or salt or by drying, 
as well as in other ways changed into an insoluble modification as 
is true for colloidal substances in general. 

Many dissolved humus substances show the properties of a hydro- 
gel. The substance when dissolved by an alkali ami coagulated by 
an arid after washing out partly dissolves again, and this solution is 
of a colloidal nature. These humus substances form absorption 
complexes with acids and salts, but most easily with bases. The 
dissolved humus substances form with alkalies soluble complexes 
which may be separated by alcohol. 

Ileiden found that peat and various preparations of the supposed 
humic acids when brought into solutions of chloride of potassium 
and chloride of ammonium remove a portion of these salts from the 
liquid, leaving the solutions perceptibly weaker. The removed &gt; : dts 
were for the most part readily recovered by ;i small quantity of watrr. 
Schumacher 6 observed that humus artificially prepared by the action 
of oil of vitriol on su^ar when placed in 10 times its quantity of solu 
tions of various salt-- ei.ntaining about &lt;).."&gt; per cent of solid matter 
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absorbed of sulphates of soda and ammonium and of chlorides of 
calcium and ammonium about 2 per cent, of sulphate of potash 4 
per cent, and of phosphate of soda 10 per cent. Schumacher also 
noticed that sulphate of potash is able to expel sulphate of ammonium 
from so-called humic acid which has been saturated with the latter 
salt, but that the latter can not displace the former. In Schu 
macher s experiments pure water freely dissolved the salts absorbed 
by the supposed humic acid. a 

A neat experimental demonstration of the absorption of soluble 
material from solution was given in 1867. Humus and a weak solu 
tion of oxalic acid were placed in a beaker. 6 The humus absorbed 
the oxalic acid from solution, and after the humus had settled and the 
supernatant solution had become clear a little sack made of collodion, 
attached to a glass tube and filled with water and calcium carbonate, 
was suspended in the solution, not touching the layer of settled- 
out humus. The oxalic acid of the solution diffused into the col 
lodion sack and reacted with the calcium carbonate to form insoluble 
calcium oxalate. Thus the concentration of the solution in oxalic 
acid is lowered and the absorbed oxalic acid from the humus comes 
again into solution, and finally the absorbed oxalic acid is practically 
all removed from the humus. This was shown by removing the 
humus and extracting with hot water. The filtrate showed no trace 
of oxalic acid. The humus was tree from bases, so that a chemical 
combination could not have been formed. If the humus had been 
in contact with a nutrient solution, and had absorbed plant food 
from it, a plant whose roots were in the solution would have behaved 
in a similar manner, absorbing the soluble matter from solution just 
as did the collodion sack containing calcium carbonate. 

From calcium phosphate, humus suspended in water can absorb 
calcium and considerable free phosphoric acid. 

That plant substances and animal tissues may absorb inorganic 
chemical compounds accompanied even by chemical decomposition 
of inorganic solute is known. Consequently one may expect of the 
humus constituents that they are in condition to absorb whole salts 
and acids in small amounts. If these humus constituents are coagu 
lated from aqueous solution by a small mass of acid or salt, they are 
very difficult to free of acids or salts by washing. This fact van 
Bemmelen considers as showing that the acid or the salt is absorbed 
by a colloid. c 

According to van Bemmelen, compounds of the so-called humic 
acid soluble in water are obtained when the aqueous or alkaline 
solution of a humus substance is treated with a solution of the hy- 

Hoffmann s Jahresb., 1867, p. 18. See also Johnson, How Crops Fowl, p. 172. 
b Quoted by Schumacher, Physik der Pflanze, p. 304, Berlin, 1867. 
c Van Bemmelen, Landw. Vers.-Stat., 35, 69 (1888). 
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drates of the alkaline earths i.r salt- ! the alkaline earths and metal- 
lic oxides for in-tance. calcium. lead, an. I iron, etc. The-e com- 
poumls arc also of colloidal nature and of changing composition. 
The humus substance in aqueous solution is coagulated and pre 
cipitated by a small mass of salt, and may fix a certain mass of base 
bv absorption. Kven an undissolve&lt;l base in a hvdrogel condition 
may precipitate huinic acid, as, for instance, the hydrogel of alumina. 

The humus substances hold the potassium more strongly com 
bined than the calcium, but the calcium compound is less soluble. 
If, therefore, humus is treated with a solution of a potassium salt, 
a certain mass of potassium is fixed, along with an interchange with 
calcium and magnesium; and if the soluble compound of humus is 
treated with an alkali or calcium solution, then it will form an insol 
uble calcium humus compound. The action of humus substances 
upon alkali carbonates, alkali phosphates, and, in general, salts of 
weak acids, is such that certain masses of alkali are absorbed with 
exchange for calcium and magnesium. In addition, alkali is ab 
sorbed by the insoluble humus substances, humus substance is 
brought into solution by the alkali thus set free, and the above min 
eral acids are precipitated by alkaline earths. Since, in general, 
the absorption of base is greater than of acid, the remaining solution 
has an acid reaction, although the salt was one of a strong base with 
a weak acid. 

The decolorizing action of wood charcoal was discovered in 1791 by 
Lowit/," and later Figuier showed the greater absorbing power of 
animal charcoal. Payen 6 found that charcoal could absorb lime 
from solution as well as coloring matter. Graham c ascribed this 
decolorization to the concentration of coloring matter upon the siir- 
face of the carbon that is, to adsorption a purely mechanical 
explanation. He found that charcoal also acts chemically upon solu 
tions, extracting the metal from solutions. Weppen found that one 
sail affects the absorption of another by charcoal. Birnbanm and 
Bombaach found that boneblack absorbs a small amount of 
ammonia from ammonium salts and that in other eases the acid and 
basic radicals are absorbed, but not in equivalent proportions. 
Qualitative experiments by Liebermann have shown that the 
acidity or basicity of a solution treated with charcoal change- a^ \\ell 
as the concentration. Similar results have been obtained by Moi-ide." 
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Esprit," and Heintz, 6 and Kelberin c has studied the absorption of 
hydrochloric acid by charcoal. Kroeker d and Lagergren e have 
used charcoal in studying the distribution of the solute between the 
solvent and absorbent, and the latter investigator used charcoal in 
studying the rate of absorption. Oechsner de Coninck^ has shown 
that heavy metals are removed from solution of their salts by charcoal. 
Rosenthaler and Tiirk0 have studied the absorption of various 
pharmaceutical substances from their solutions when treated under 
standard conditions with different kinds of charcoal. These char 
coals may be divided, according to their absorbent powers, into 
strongly absorbent bone, flesh, and "vegetable blood" charcoals, 
in the order named and weakly absorbent or nonabsorbent blood, 
lime-wood, and spongy charcoals. For the same kind of charcoal 
the absorption of any substance varies with the solvent which is 
employed. The absorption is by far the strongest in aqueous solu 
tions; it is less with ethyl alcohol, methyl alcohol, ethyl acetate, 
acetone, and least of all with chloroform solutions. The speed of 
absorption depends on the same factors as influence the amount of 
absorption, being greatest in the case of bone charcoal and aqueous 
solutions. The quantity of substance absorbed by a given quantity 
of charcoal is relatively less for concentrated solutions than for dilute 
solutions. All the circumstances which favor absorption act in a simi 
lar degree in resisting the reextraction of the absorbed substance. 
The decolorizing power of the charcoal is dependent on its absorbing 
power. As regards the use of charcoal for decolorizing purposes, the 
authors state that the charcoal must be carefully purified before use, 
either by repeated extraction with the solvent which is to be used or 
by igniting gently and washing with acid. The quantity of charcoal 
employed should be as small as possible. It is not necessary to heat 
the liquid with the charcoal; several hours contact at the ordinary 
temperature will suffice. The decolorization should not, for prefer 
ence, be effected in an aqueous solution, because the loss of substance 
by absorption is at a maximum with that solvent; the solution should 
be as concentrated as possible. Easily oxidizable substances should 
not be decolorized by animal charcoal, because this charcoal has a 
powerful oxidizing action; the oxidation of alkaloids is retarded by 
treating them in the form of salts. Blood charcoal has the strongest 
oxidizing action, lime-wood charcoal has hardly any. Bone and flesh 

Jour, pharm., 10, 192 (1849). 

b Lieb. Ann., 187, 223 (1877). 

c See Ostwald, Lehrbuch der Allgemeine Chemie (1891) p. 1096. 

d Uber die Adsorption geloster Korper durch Kohle, Diss. Berlin, 1892. 

Bihang till K. Sv. Vet. Akad. Handl., 24, Afd. II, No. 4 (1898). 

/Compt. rend., 130, 1G27 (1900). 

0Arch. Pharm., 244, 517 (1906). 
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charcoals can be employed in the determination of caffeine without 
l)-&gt;s of alkaloid, but in the determination of sugars, etc., in wine and 
oilier liquids charcoal should not be used unless it has been proved 
that no loss by absorption takes place under the conditions of the 
experiment. The close interdependence of the decolorizing and 
absorbent properties of charcoals suggests that the decolorization is 
due to absorption of the coloring matters. The fact that successful 
results can be obtained in practice depends, first, on the circum 
stance that the amount of coloring matter is generally only a frac 
tion of the total substance in solution, and, second, on a selective 
absorption, according to which the quantity absorbed is generally 
proportional to the molecular weight, most coloring matters being 
substances of high molecular weight. 

The experiments of Kellner show that platinum black absorbs 
minute quantities of acids and alkalies, but gives them up to water 
on standing. 

Many rock powders possess the power of absorbing the coloring 
matter from solutions in which the powders are suspended. The 
alkalinity of water in which rock powders have been in suspension 
has been shown in a large number of cases by Clarke. 6 Some pow 
ders, such as very finely powdered orthoclase, have been found to 
show no red color with phenolphthalein. This is due to the absorp 
tion of the color by the powder. A suspension of orthoclase in 
water which showed no color on the addition of phenolphthalein was 
allowed to settle, and the supernatant solution after being poured off 
showed a distinct red color with a further addition of phenolphthal 
ein. When a little of the suspended material was added to the solu 
tion again the red color disappeared from the solutions, but was seen 
on the surface of the solid particles. The test of alkalinity of a solu 
tion by phenolphthalein can not properly be made if there are present 
in suspension finely divided particles which have the power of absorb 
ing the indicator. Another substance which absorbs the phenol 
phthalein is magnesium ammonium phosphate. 

Hulett and I)uschak c have investigated the nature of barium 
sulphate precipitates, which are nearly always found to wei^h t* 
much, and attribute the results observed by them to the format ion 
of a compound BaCl.HSO 4 . On long standing &gt;r heating of the pre 
cipitate hydrochloric acid \\a-iri\en off which i- in harmony \\ith tin- 
assumption that hydrochloric acid wa&gt; absorbed on the surface of the 
precipitate and escaped when the area &gt;f &gt;urface \\a&gt; reduced. 
Barium sulphate precipitate- have been found to alorl&gt; many com- 

" Ann. I hys. &lt; h-m.. :,7. 

Mill. Ha LI p 158 1 Mni 

/.-it. :m..rir. fliein.. 10. I 1 ", |:.(M . Bee ftin Traii-. Am. KlTtn&gt;-&lt; ln-in. S,K-., 12, 
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pounds from solution. Vanino and Ilartl" observed that this pre 
cipitate absorbs colloidal metals from solution, and Patten 6 observed 
that salts of nickel, cobalt, chromium, iron, and manganese in solu 
tion are absorbed by barium sulphate precipitates. Korte c has found 
that not only does barium sulphate absorb salts from solution, but 
also calcium oxalate precipitates absorb magnesium oxalate, even 
in the presence of ammonium chloride, and ferric hydroxide absorbs 
manganese hydroxide and nickel hydroxide. Ostwald d has called 
attention to similar cases. 

Suida e has shown that the fixation of dyes by animal textiles 
(wool or silk) is due in part to the amphoteric character of the amino 
acids which enter into the composition of these albuminoid bodies. 
He has separated bodies from these complex albuminoid fibers 
which, like the original substance, fix acid or basic dyes, since these 
simpler decomposition products are themselves amino acids, R(NH 2 ) 
(COOH). 

Colloidal substances have the power of absorption to a very marked 
degree. In numerous papers ^ van Bemmelen has shown that all 
colloids absorb organic and inorganic compounds. They have the 
power of absorbing one of the constituents of an inorganic salt, leav 
ing the solution acid or alkaline, as the case may be. The distribution 
of the absorbed material between water and the colloid is not con 
stant, but depends upon the concentration of the solution. 

The use of clays as absorbents has been specially valuable in tech 
nical processes, and more especially in the clarification and separation 
of oils. The technical literature on this subject is now enormous, 
but, while of the highest importance for certain commercial processes, 
the work which has been done adds comparatively little to our theo 
retical knowledge of the subject, and hence is not given in detail. 

SELECTIVE ABSORPTION. 

It has been found by numerous investigators that when an absorb 
ent is brought into contact with a solution containing two or more 
solutes these solutes may be absorbed in very different degrees, and 
thus more or less complete separation of the solutes may be effected. 
A particularly interesting case of selective absorption is where a sub- 

"Ber., 37,3620(1904). 

Jour. Am.Chem. Soc., 25, 186 (1903). 

cJour. Chem. Soc., 87, 1503 (1905). 

d Foundations of Analytical Chemistry, Trans, by McGowan, 1895, p. 26. 

Monatsh. Chem., 25, 1107 (1904); 2, 413, 855 (1905); 27, 225 (1906); Hoppe- 
Seyler w Zeit. physiol. Chem., 5, 174 (1906); C. f. the literature on dyes and amino 
acids given there. 

/Landw. Vers.-Stat., 35, 72 (1888); Jour, prakt. Chem., 23 , 324 (1881); Zeit. phys. 
Chem., 18, 331 (1895); Zeit. anorg. Chcm.. 13, 233 (1896); 18, 14, 98 (1898); 23, 1 II, 
321 (1900); 30, 265 (1902); 35, 23, 338 (190-1); Arch. Ne er. (2), (}, 607 (1903). 
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stance like a -all i- separated into its const it iicnl part- and cither the 
arid (if the base from which the -alt is derived is ahsorhed to a greater 
extent, leaving the solution im&gt;re concentrated \\ith respect to t he 
least-absorbed const it ucnt. Thus, for installer, a .solution of potas 
sium ehloride agitated in eontaet \\ith a -oil. or eottoii. or &lt;-arhoii 
hlaek. or similar materials which do not themselves react with either 
the hase or the acid, nevertheless leaves a solution which is markedly 
acid. This phenomenon is particularly marked in the case of such 
salts as are greatly hvdmly/ed when brought into contact with water. 
A third i \ pc of selective absorption has been observed in a few cases 
and designated as negative absorption that is, there is an increase 
in the concentration of the solute after contact with the absorbent. 
This is obviously due to the fact that the solvent is taken up or 
absorbed to a relatively greater extent than the solute. This per 
haps theoretically should not be considered as a special case, since we 
are yet without criteria to distinguish between solvent and solute, 
and it is rather a matter of convenience to consider the material in 
excess as the solvent. 

CARBON. 

SEPARATION OF SILVER FROM SILVER NITRATE. 

Graham" studied a number of interesting cases of selective absorp 
tion. Tie found, for instance, that when a solution of silver nitrate 
was passed through powdered charcoal a separation of the salt was 
effected, and a subsequent examination of -the charcoal disclosed the 
presence of metallic silver in small spangles. 

EXTRACTION OF MKTALS FROM NET HIM -\I.T SOLUTIONS. 

Ivsprit/ Monde, and lleintz d obtained similar selective absorp 
tions with carbon, the metal being extracted from its neutral -alt 
solution and the resulting solution having in consequence an acid 
reaction. 

Oechsner de Coninck effected sepal ; t ions of the heavy metals 
from their solutions by percolating through charcoal. In this u ay 
iron could be quantitatively .separated from solutions of its chloride. 

I.IHKI: \TIMN OK .\rm 1KOM NEUTRAL 1ALT SOLUTIONS. 

I.iebernuinn found that the following salt solution- pa ed 
through animal charcoal yielded acid solutions, some of which on 
di-t illation gave the free acid: The barium salt of the acid formed 
by oxidi/.ing glycerin \\ith chromic acid, barium formate, -odium 
acetate, lead acetate, calcium glycollate, /inc lactate. ammonium 

Ann., 1. 138 - &lt;M.irh. Ann.. 1*7. _ _ . Is77). 

.Imir. Pluriu.. H5. I .tJ IM .K ,|.1. ivn.l., 1 :{0. H._ 7 HMMI . 
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oxalate, sodium-potassium tartrate, sodium borate (previously alka 
line), trisodium phosphate (previously very alkaline), disodium 
phosphate, ferrous sulphate, copper sulphate, silver nitrate, and 
potassium acetate. The following aqueous salt solutions, however, 
showed no change of alkalinity or acidity, but the concentrations 
were less after passing through carbon: Sodium chloride, nitrate, 
and sulphate; potassium chloride, iodide, bromide, cyanide, sul- 
phocyanate, and sulphate; calcium chloride, and barium chloride 
and nitrate. In the case of morphine acetate and caffein eitrate, 
the first percolates contained none of the solute, but after ;a time 
the free acids came through. 

SEPARATION OF ORGANIC DYES INTO ACID AND BASIC CONSTITUENTS. 

Freundlich and Losev tt have found that basic dyes in aqueous 
solution are split by charcoal, the base being absorbed and the acid 
remaining as such in solution. The absorbents silk, wool, and cotton 
act similarly. The color base of crystal violet present in adsorbed 
condition upon the surface of the charcoal is a glittering brown-violet 
color; it is insoluble in water, but dissolves in acids, alcohols, pyridine, 
etc., with a blue- violet color. The color-base of "Neufuchsin" 
appears green on the surface of the charcoal and dissolves in acids, 
alcohols, pyridine, etc., with a red color. The body, described by 
Baeyer, obtained when fuchsine is treated with cold aqueous sodium 
hydroxide, and which is regarded as a polymeric irnine base, resembles 
in many respects the material adsorbed on the charcoal. From 
crystal violet, also, there was obtained, by adding cold sodium 
hydroxide solution, a brown-violet amorphous powder difficultly 
soluble in water, but readily soluble in alcohols and pyridine with a 
blue-violet color. On these experimental grounds Freundlich and 
Losev suggest that amorphous polymerization products of the color 
base are adsorbed and form with carbon or other adsorbent, colloid 
complexes. In the case of the dyes patent-blue and orange IV, there 
is no splitting of the dye salt by charcoal on adsorption. 

GELATINE. 
SEPARATION OF ALUMINA FROM ITS SALTS. 

Lummiere and Seyewetz 6 found that the separation of alumina from 
its salts could be effected by using gelatine as an absorbent. 

SOIL. 
ABSORPTION OF FERTILIZERS. 

Selective absorption of different fertilizers by the soil was o;irly 
studied by Frank and by Treutler/ as described above. 

a Zeit. phys. Chem., 59, 284 (1907). cLandw. Vers.-Stat., 8, 45 (1866). 
&Bul. Sue. ( him., 35, 676 (1906). d Ibid., 12, 184 (1869); 15, 371 (1872). 
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PAPER. 

\HM&gt;KI&gt;TIO\ or NKITKAI. SALTS AND DYES. 

Schonhein" dipped strips of paper into different solutions, deter 
mined the heights to which the solution and the pure solvent rose 
in the paper, and observed their ratio. Since the paper absorbs the 
salt or organic coloring matter from solution, the higher layers are 
more and more dilute till near the top of the wetted paper one finds 
pure solvent. Goppelsroder b has used this selective property of 
paper to separate different dyes. He obtained a rose-red substance, 
probably fuchsine, from commercial azuline, which lost its violet 
tint and became a purer blue. Bayley r noticed that when drops 
of certain solutions fell on filter paper there was a separation into a 
water ring surrounding a solution more concentrated than the orig 
inal solution. He found, too, that with increasing dilution the 
amount of separation became greater, and that increase in temper 
ature and looseness of texture lowered the absorptive effect. 

Lloyd d has determined the relative separations of different salts 
and finds that with sodium chloride no separation occurs, while 
sulphuric acid and solutions of ferric sulphate and of salts of silver, 
lead, and mercury suffer more or less separation into water and a 
stronger solution. Using the same method, Trey has effected a 
separation of cadmium from copper. The copper cadmium solution 
is made alkaline with ammonia and diluted until the blue color is 
scarcely visible. Several drops of the solution are allowed to spread 
into a filter paper, and when the wet paper is subjected to ammonium 
sulphide vapor three rings appear an outer water ring, which has 
been robbed of soluble material by the absorbing action of the paper; 
a yellow ring of cadmium sulphide precipitated from the soluble 
cadmium salt which was less strongly absorbed by the paper than 
the copper salt; and in the center is a black circle of mixed copper 
and cadmium sulphides, the copper salt being held back by the 
absorptne effect of the paper, while the liquid as a whole follows its 
normal tendency to spread, and thus the water appears to travel 
faster in the filter paper than the cadmium salt solution: the cad 
mium salt seems to spread slower than the water, but fa.-ter than 
the copper solution. Vrieiis pa-sed dilute nitric acid through 
several filter paper- and found the absorption of acid, as shown by 



oVerhaiulluiiiril.NaUiri..i&gt;..-li. (,.-. in M;IM-|. :i. JIM. L861-63); I ... Aim.. 1 14, 
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decrease in concentration, to be proportional to the number of filter 
papers used. J. J. Thomson has made similar observations with 
filter paper. Fischer and Schmidner 6 allowed a saturated solu 
tion of ferrous ammonium sulphate to diffuse upwards through rolls 
of filter paper inside of a glass tube, and found that the proportion 
of the constituents in the filter paper was the same as in the double 
salt, although the absolute amounts had been diminished. 

Cameron and Bell c have studied the rise of solutions and of pure 
solvents in paper, using aqueous solutions of malachite green, cosine, 
and potassium chloride, and mixtures of the two dye solutions and of 
eosine and potassium chloride. The rise of water and of solution is 
well represented by the equation y n = Kt, where y is the height to which 
the paper is wetted, t is the time, and n and K are constants. They 
were able to separate the dyes from each other and from potassium 
chloride and showed that the presence of potassium chloride de 
creased markedly the height to which eosine rose in the paper in a 
given time. 

COTTON. 

ABSORPTION OF POTASH FROM POTASSIUM CHLORIDE SOLUTIONS. 

These same investigators d wrapped strips of sensitive blue litmus 
paper in absorbent cotton moistened with distilled water freed from car 
bon dioxide and showing no reaction with a very sensitive specimen of 
litmus. A slight pressure was applied in order to insure intimate 
contact. In the course of about fifteen minutes the litmus paper had 
become decidedly pink, apparently showing an acid reaction. Two 
wads of this same cotton were placed in beakers, one containing a 
solution of potassium chloride neutral to litmus and the other contain 
ing potassium acetate with a slight but sufficient excess of acetic acid 
to redden litmus. Within a few minutes the supernatant liquor in 
the beaker containing potassium chloride had become distinctly acid, 
as shown by the further addition of litmus, while the supernatant 
solution in the beaker containing the acetate had become distinctly 
alkaline to both litmus and phenolphthalein. It is obvious, there 
fore, that the reddening of the litmus was a true absorption effect. 

Absorbent cotton has the power of absorbing potash from a po 
tassium chloride solution. A tube which was filled with absorbent 
cotton was placed in a beaker containing a solution of potassium 
chloride neutral to litmus. The solution after passing through the 
cotton was decidedly acid. But when potassium acetate was sub 
stituted for potassium chloride, even though a slight excess of acid 

a Applications of Dynamics to Physics and Chemistry (1888), p. 191. 
&Ann. Chem. (Liebig), 272, 156 (1893.) 

cThe Minenil Constituents of the Soil Solution, Bui. No. 30, Bureau of Soils, U. 
S. Dept. of Agr., (1905); Jour. Phys. Chem., 10, 658 (1906). 
d Bui. 30, Bureau of Soils, Dept. Agr. (1905). 
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\\-.\- present, the solution after passing through the cotton was alka 
line to litmus or phenolphthalem. Similar results were obtained by 
merelv agitating Wftdfl of cotton in solutions of the reagents. 

BARIUM SULPHATE. 

ABsoi:rn&lt;&gt;\ &gt;i SODA FROM SODIUM SULPHATK SOLUTION. 

In another experiment a solution of sodium sulphate neutral to 
litmus was added to a solution of barium chloride neutral to litmus 
in the cold. After the precipitate subsided the supernatant solution 
\\ as found to be acid. The experiment was repeated, using potassium 
sulphate instead of sodium sulphate, and the supernatant solution 
\\as alkidine. These experiments indicate that the barium sulphate 
pie&lt; -ipit.-ite absorbs some of the constituents of the solution, that the 
relative amount of acid and alkali absorbed may be varied, and that 
the absorbing medium may act very differently toward bases or acids. 

KAOLIN. 

K. ( . Sullivan, using magnesium and sodium chloride solutions, 
repeated Kohler s b experiments on the filtration of salt solutions 
through kaolin and confirmed his result that the filtrate from a neu 
tral salt solution is slightly acid. Kohler attributed this effect to a 
selective concentration of dissolved substance an adsorption of the 
hasc. But Sullivan accounts for this acidity in the filtrate by an 
exchange of the magnesium and sodium of these salts in part for the 
iron and aluminum of the kaolin, the salts of the latter metals under- 
_ r "ini: extensive hydrolysis in dilute solution. The acidity observed 
is of the same order of magnitude as the quantity of trivalent bases 
found in dilute copper sulphate solution after contact with kaolin. 
He further suggests that the acidity of a salt solution after filtration 
through a &gt;ubst anre. such as kaolin, through which the liquid dif 
fuses hut &gt;lo\vly, may be due to some extent to the greater velocity 
of diffusion of the acid constituent of the salt, which is present owing 
to hydrolysis, while the base is present (for salts of heavy metals 
i" a i, r n-aier or | ( ^s extent in the colloidal condition and colloids are 
marked l&gt;\ their very slow rate of diffusion. 

COPPER HYDROXIDE. 

Tominasj found that the solutions of such neutral salts as sodium 
chloride and sulphate and potassium chloride and bromide heroine basic 
\\ h -n precipitated copper hvdroxide i- added t o t he solut ion. The acid 

babaorbed by the copper hydroxide, which then becomes green in color. 
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NEGATIVE ABSORPTION. 
CHARCOAL. 

Lagergren a found that either solvent or solute could be absorbed, or, 
in other words, that the solution could become more concentrated or less 
concentrated. Thus solutions of sodium chloride, potassium chloride, 
ammonium chloride, and ammonium bromide became more concen 
trated after contact with charcoal, while sodium nitrate, potassium 
nitrate, sodium sulphate, potassium sulphate, and ammonium nitrate 
become less concentrated. This author states that he could find no evi 
dence of any change in alkalinity or acidity of the solutions. This 
behavior has been ascribed by the author to an increase in the density at 
the surface of the solid an increase in density which involves an increase 
in pressure. If, therefore, an increase of pressure increases the solu 
bility, or, in other words, if solubility is accompanied by a decrease 
of volume, there will be a positive absorption; but under reverse 
conditions there will be a negative absorption. Lagergren has calcu 
lated the degree of absorption from the surface of the solid exposed, 
the radius of molecular action, and the density of water under differ 
ent pressures. The results of the calculation for absorption of ammo 
nium chloride and the observed absorption agree fairly well. 

KAOLIN AND GLASS WOOL. 

Parallel results have been obtained where the absorbing material 
is kaolin and glass wool, the negative absorption of sodium chloride 
by kaolin having been found by van Bemmelen. 6 



White china clay has been used as an absorbing medium by Cush- 
man, c who finds a considerable decrease in the basic ions from solutions 
of ammonium chloride, barium chloride, and aluminum sulphate. 
The data indicate that there may have been also a negative absorp 
tion of the sulphuric acid, i. e., a considerable absorption of water 
from aluminum sulphate solutions, which then became more con 
centrated with sulphuric acid, although the author thinks the phe 
nomenon is due entirely to the fact that, owing to hydrolysis, free 
acid necessarily exists in a solution of a salt of a trivalent base. 

SELECTIVE ABSORPTION OF DYES. 

Dyes forming colloidal solutions are extremely sensitive to elec 
trolytes in regard to their adsorption d , the effect being proportional 
to the size of the colloidal particles. In the case of electro-negative 

aBihang till K. Sv. Vet. Akad. Handl., 24, Afd. II. No. 4 (1898). 
&Zeit. anorg. Chem., 23, 321 (1900). 

cBul. No. 92, Bureau of Chemistry, TJ. S. Dept. Agr., 1905, p. 18. 
Biochem. Jour., 1, 175 (1906). 
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dves (( oti-jo-red ) cation&gt; facilitate ahsorpt ion, an ions depress it : \\ it h 
elect ro-po&gt;itive dyes (tohiidine-blue) the opposite i- &gt;een, but in both 
1 he etl ect of anion.s i&gt; Miiall. Salts of the heavy metals \\hich 
form positively charged colloidal hydroxides j)o\\ert iilly promote 
a&lt;l-orption of Congo-red. The facilitating ion is carried down with 
the dye. The presence of a stable-colloid, such a- gelatine, protects 
Congo-red from the action of electrolytes. AVh"ii gelatine is precipi 
tated 1)} tannin, its adsorbed electrolytes are split oil . In the proce 
of blood-dotting there is a diminution of elect rical conductivity, ions 
(probably of calcium) disappearing from solution. There is no evi 
dence of a sudden separation of electrolytes in the tissues at the 
moment of death, although there is a gradual one when a living tissue 
is wanned from 1 1 to 56. In the action of rennet on milk there is a 
slight increase in conductivity, an additional fact showing this process 
to be quito different from blood-clotting. In all probability rennet 
action is only an expression of pepsin action in neutral or faintly 
alkaline media (Pawloff). 

Recently Craw has studied the filtration of crystalloids and col 
loids through Martin s gelatine filter (a Pasteur-Chamberland filter 
the pores of which are filled with solid gelatine) and finds it highly 
but not completely permeable for such crystalloids as sodium chlo 
ride, potassium iodide, and butyric acid. The work of Waymouth 
Reid showing that this filter is slightly permeable to colloids was con 
firmed. As filtration proceeds the crystalloids show an increasing 
concentration in the filtrate, whereas the colloids gradually decrease 
to zero and are completely retained by the filter. The presence of 
one substance in solution often affects the rate of filtration of 
another. The permeability depends, too, upon the gelatine used. 
Thus a filter prepared with 15 per cent gelatine solution is less per 
meable to certain colloids than a filter prepared with 7.5 per cent 
gelatine solution, and formalized gelatine is less permeable to sodium 
chloride than ordinary gelatine. 

APPLICATION OF SELECTIVE ABSORPTION IN PHYSIOLOGY. 

The theories of absorption have been applied to physiology in a 
research on the neutralization by ly&gt;in and by antilvsin and on 
diffusion through gelatine filters. 6 

SELECTIVE ABSORPTION OF DYES BY SOILS. 

Sjollema found that different solid soil const it uent s have very 
different absorptive power for dyes. He da ilie- u colloid-, those 
substances \\liidi : ,re colored by organic dyes, and thus excludes 
undecoinposed mineral fragments and quart/, which are not tinted by 

. Soc., B 77, 311 (1906). 
M r.iw. /.,-it. phys. ChflBDU, . ! . 

J-.ur. ! . I.aiuhs., M, 87 11*05). 
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the dyes he used. The definition of a colloid thus implied is so inclu 
sive as to bring such substances as carbon black, platinum black, and 
all other amorphous substances, as well as powdered crystalline sub 
stances, under the head of colloids, and consequently it becomes mean 
ingless. It has been shown" by Cameron and Patten that gentian 
violet (gentianin] is adsorbed by quartz to a considerable extent, and 
this same dye colors other soil grains, crystalline as well as amorphous. 
Cameron and Bell b found that solutions of dyes poured through 
soils always yield clear water for the first runnings. When eosin 
solution is used the dye soon appears in the percolate, but soils 
retain methylene blue, malachite green, gentian violet, and some 
other dyes with remarkable tenacity. Separations of a mixture of 
eosin and methylene blue were made by percolation, the methylene 
blue being completely retained, by the soil, while the eosin was com 
paratively readily removed by washing. It was shown, too, that for 
any particular solution of a dye the various soils had a definite absorp 
tion limit; that is, if the solution is poured on a given mass of soil 
slowly and at a very uniform rate there is a point at which the soil 
will cease to absorb the dye, and the solution will come through 
unchanged. Fairly good duplicate determinations for the absorptive 
power of any particular soil can be made in this way. Heavy soils 
absorb generally more than light soils, and black, red, or dark-brown 
soils more than those of lighter color. The presence of humus adds 
very considerably to the absorptive power of a soil. In some cases, 
at least, the absorption of one dye by a soil does not materially reduce 
its capacity for retaining a second dye. It was found, too, that 
while a dye might be so firmly held by a soil as to resist removal on 
leaching, the soil nevertheless gave up dye to filter paper and to some 
kinds of blotting paper. Likewise, absorbed dye may be removed 
unchanged in some instances by use of a different solvent for 
example, alcohol when further leaching with water is practically 
of no avail. These authors state that, in general, papers are belter 
absorbents for dyes than soils, but, on the other hand, some solutes, 
such as alkalies, are generally absorbed more powerfully by soils 
than by papers. This has an important bearing on the common 
practice of testing the reaction of a soil with moist litmus paper. 
Blue litmus, as is well known, is the sodium salt of the red dye. In 
aqueous solution it must be considerably hydrolized, so that when a 
paper saturated with it is brought into intimate contact with a soil 
the base is absorbed more readily by the soil and the remaining acid 
more readily by the paper, with the consequence that the latter 
becomes red. This explanation of the reddening of litmus paper by 
soils was confirmed by other experiments. 

".Ion?. Phys. ( hem.. 11, f&gt;Sl (I!)()7); Trans. Am. Klcrtrochcin. 8oc., 10, (17 ( ,1!)0(1). 
The Mineral Constituents of the Soil, Bui. 30, Bureau of Soils, U. S. Dept. ofi 
Agr , 1905, p. 57. 
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SELECTIVE ABSORPTION AND THE ACIDITY TEST FOR SOILS. 

Cameron and Bell further suggeM tliat it might he argued from 
these experiments that the only test as to the presence of an acid in 
a -&lt;il is the formation of an acid solution when extracted with water. 
1 1 is true that this is the only satisfactory criterion which suggests 
it -elf. As the experiments just cited show, solid and other absorb 
ent substances can and do absorb acids, some more than others, and 
it is quite possible that an absorbed acid, which was not easily 
removed from a soil by water, might be removed by paper, if paper 
were the better absorber for that particular acid. It is well, therefore, 
to view with caution the prevalent notions as to the wide distribu 
tion of acid soils founded on a very uncertain criterion, and especially 
in view of the fact that the great majority of soils yield aqueous 
extracts which on heating in platinum, show alkaline reactions. 
Most of our field crops can withstand a fairly high concentration of 
acid; but clover is especially sensitive, being inhibited in growth by 
concentrations less than twenty-thousandth normal (N/20,000). 
Yet cases have been observed where clover was found growing well 
in soils apparently very acid, the true explanation being undoubt 
edly that the supposed estimation of acidity was, in fact, a meas 
urement of the absorptive capacity of the soil. 

Furthermore, it is probably fallacious to assume that the acidity 
of a soil can be estimated by adding calcium hydrate, ammonia, or 
other alkalies in solution until the soil will turn red litmus paper blue 
when the paper is brought into contact with the soil, since it has 
been clearly shown that most soils absorb these substances much 
more effectively than does litmus paper. If these solutions be added 
to the soil slowly (for absorption is not an instantaneous process, 
but requires appreciable time to attain equilibrium), it frequently 
is astonishing how much alkali can be taken up before an alkaline reac 
tion can be detected by the test paper a fact repeatedly observed 
by various investigators, but the significance of which had not hitherto 
been recognized. 

GENERAL STATEMENT CONCERNING SELECTIVE ABSORPTION 
BY SOILS. 

Regarding the degree to which the different constituents of the 
soil solution are absorbed, several generalizations can he made: 
but from the foregoing data and di&gt;eusMon it will he evident that 
each soil will ex. -n it-, own peculiar eflWt in retaining Mhibl- matter. 
and that, while \\- may seek to classify a fert ili/.er as adding |&gt;&lt;&gt;ta-- 
sium or nitrate- or phosphates to the soil, the /;//// or .&gt;&lt;/// in which the 
fertili/er i&gt; added \\ill afi e.-t it- absorption 1&gt;\ -oil. 

naeron an-i BrctMtle, Jour. n.y- Chan., 8,1(19" 
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&lt; M I he basic radicals, pot assium is most slron^lv bound b\ iln &gt; il 
H M soil is NI| uniliMl with potassium, then one may i- |-l.n, ihr m,.n- 
roconll\ absorbed potftisillin by oilier bases merely by I rent in;-, (he 
noil ropoatodly with a solution of Another solute, for HH- pottiMMiuni &gt; 

distributed (Midi MUM- l.,-l\\,-.-n the .ul m.| ,.|nli..n. .m. I -I emu . 

when i In s&lt;&gt;| ui ion is re 1 1 ION od iVoni con I ad with the Moil ttio pot miMiuni 
is \\ il lii hn\\ n , I oo, niul run exorcise no further el lee I upon the &lt;&lt; jmlili 
mini Mcaii\\ lulr ili. soil is absorbing Ilir l-.i of \-.&lt; , in Ihr.r 
SolllliollS llpplil ll to Ilir soil lo l, ni..\,- polllssiuill. Ill . ll. . I \\l&lt; li. l\r 
rrplni cil p. .1.1 nun l&gt;\ n in &gt;l lirl Itllsr of lutMt s; lull il |i\ no nicilli fol- 
loWH llllll \\i ni:i\ luivr In i.- H ..ir of . In nil. .-il IVXcllllll^O l&gt;\ II M .11 
i .-HI iiii-nl of Ji-hnilr compounds, OsplM iilllv HH Ilir I cplncrincnl nrnl 
liol l ol|o\\ Ilir rlii mioil cipii\ ulrlicc of ||n&lt; IUINCS involved. Tin: 
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il Mild linnll\ IMTM cmirriil nil I d n.-.-n iln- Niirfurr, sodium Mild 
.diinni .ill pnssiii}; 1 on up lo I ho siirfiic(\ mill, lo & loss ivxlonl , lln&lt; 
inii^iii &gt; siuni sails also. !l is Inn- llml in . n. i J I ho uui";n(&gt;siiiiu 
silicates arc &lt;|inli- n :nhl\ Moluhltf nnd iniirh h\ dro|\ /,IM| l-\ \\.H.-I . hut, 
iiiii^nrsiuni is nbnorbcd to a lunch j^realrr extent limn calcium or 
odium, all In Hi--, h to a lesser ex! en I than potassium. 

AHSOIM-TION I--KOM VARIOUS soi.vr.Nrs 

I llMUl A(7tl) IN WATKIC, Al.roilOl,. AND 1IKN/.KNK. 

The c\|&gt;ci inicnts lv Walker and \ppleyar(i a on ul)srption i-\ ilk 
liitve shown thai \\ lulc picric acid is absorbed l&gt;y silk from solul ions in 
wilier and alcohol, yel in hcn/.cnc solution ili.-u- was no al&lt; i pi in. 
The nature of the solvent plnys, therefore, nn import ant role. The 
relative solubilities of picric acid in (he three solvents do n..i iln..\\ 
any li -In on the absorptive poucr from the diilcn-ni solvents. !r the 
solubilil \ of picric acid in I MM i /.cue hi- bel \\ ecu I ho solubilit \ m \\ ;i! cr 
and (hut in alcohol 

MYKN IN PKTKOLK1IM, 1IKN/KNK, XYLKNK. t AUIION TKTHA- 
OIILOUIDK, AND (lAKKON DISH I, I ll I I&gt;K 

Tsvoll has shown thai inaiiv dv&lt;vs disNolvod in lirji! pel n&gt;l&lt; mn, 
ben/cue, xylcMie, carbon lolracldorio 1 !*, or carbon di.sulphidc me pro- 
&lt; i| ii.ii&lt;-,l l.\ powdered subsdiitcos, from wliich (ho\ ma\ he c\ii.-n ii ! 
l \ :dcihol, ct her, acolotto, or chloroform. Tin i e i . In 1 1 IHM an adsorp- 
I u MI .en.-, in \\hich the siibst alice.s can replace each other IMI the 
:d&gt; -M I ciil \\ lien :&gt; in i \ed -.oliil ion. as. for m-.l aiiee. chloroph \ II di-. 

|| 
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given for each concentration in the accompanying table. It will be 
seen that this absorptive effect is nearly twice as great with dilute 
solution as in the strongest solution used, varying from 94 per cent of 
the total potassium present in the dilute solution to 54.9 per cent for 
a solution 20 times stronger. 

TABLE III. Distribution of potassium between soil and solution, of potassium chloride, 
according to Peters. 



Potassium 
per kilo 
soil. 


Total 

Potassium potassium 
per liter of present 
solution. absorbed 
by soil. 


Potassium 
per kilo 
soil. 


Potassium 
per liter of 
solution. 


Total 
potassium 
present 
absorbed 
by soil. 


Grams. 
1.011 
1.096 
1.108 

l .328 


Gram. Per cent. 
0.0648 94.0 
.0628 ! 94.5 
.0677 | 89.2 
.0797 94.0 
.089 93. 8 


Grams. 
1.390 
1.453 
1.511 
1.579 
1.610 


Grams. 
0.127 
.203 
.361 
.679 
1.310 


Per cent. 
91.6 
87.9 
80.7 
70.3 
54.9 



CALCIUM BETWEEN SOIL AND SOLUTION. 

Peters has also determined the quantity of calcium extracted from 
the soil by the same solutions which were being studied with respect 
to the absorption of potassium. lie found that calcium is distributed 
in a manner nearly analogous to potassium, and that the curve for the 
distribution of calcium between soil and water has apparently the 
same general form as that for potassium. This observation indicates 
that the absorption of two solutes may proceed almost independently 
of each other, at least when the concentrations of both are low. 

HYDROCHLORIC ACID BETWEEN CARBON BLACK AND SOLUTION. 

When carbon black is shaken with an aqueous solution of hydro 
chloric acid, Kelberin found that there is a perfectly definite distri 
bution ratio; the results could be duplicated to within a fraction of 
1 per cent. 

INCONSTANCY OF DISTRIBUTION RATIO. 

Kroeker 6 studied the relation between absorption and time of con 
tact, quantity of carbon, and concentration of solution, and found 
that the distribution ratio between carbon and solution is not con-, 
stant, but that relatively more is absorbed from dilute solutions than 
from strong. Schmidt c , using Van Bemmelen s data rf lias sought 
to show that the distribution ratio of potassium sulphate, potassium 
nitrate, potassium chloride, sulphuric acid, hydrochloric acid, and 

" See Ostwald, Lehrbuch der allgemeine Chemie (1891), p. 1090. 

* I bcr die Adsorption ^eloster Korper durch Kohle, Dis., Berlin (1892). 

cZeit. phys. Them.. 15, 56 (1894). 

dJoiir. prakt. Them., 131, 324 (1881). 



WSTRIMl TloN. 39 

nitric acid was constant. This result has been contested by Van 
Bemmelen," who points out that the distribution ratio of a substance 
between solid and liquid need not necessarily be constant in the case 
of equilibrium between solid and liquid solutions. 

DISTRIBUTION FORMULAS. 

A number of investigators 6 have advanced formulas to express the. 
distribution of a solute between a solvent and an absorbing medium. 
These expressions have been generally suggested by the apparent 
analogy to the distribution of the solute between two immiscible 
solvents, for which two general equations have been proposed. 

If c be the concentration of the solute in one solvent and c, the con 
centration of the other, then when there is no association of solute in 
either solvent the distribution is described by the formula c/c, = K; 
but if there be association of solute in either solvent, the formula 

c n 
becomes A". A is a constant for any standard conditions of 

c i 
temperature. 

()stwald f has proposed this same form of equation slightly modified, 

x/m==af &gt; , where x is the total mass of solute absorbed and mis 
the mass of the absorbent; ( is the concentration of the solution, 
and p and a are constants. 

This exponential formula has been found to hold more or less well 
for a number of cases of absorption, of which a few will be cited. 
Thus Schmidt J found it held for the absorption of iodine and several 
acids by charcoal, but it did not hold for the absorption of picric 
acid by cellulose or of eosine or malachite green by silk. Kuster 
found such a relation held for the absorption of iodine by starch. 

Walker and Appleyard/ have studied a case of unusual interest. 

They found that the distribution of picric acid between water and 

c 
silk was described by the formula ,.,^ = 35.5, where S represented 

concentration of the dye in the silk and W the concentration in 
water. This would indicate that at the concentration studied the 
molecule of picric acid in the water solution is 2.7 times as large as 
that represented by the formula r 6 II,(\O,) 3 OH, at least; but this 

Zeit. phys. ( hem., 18, 331 (1895). 

&gt; Schmidt, Zeit. phys. Chem., 15, 60 (1894); Kilster, Annalen, 2S3, 360 (1894); 
Walker and Appleyard. Jour. Chem. Soe., ({, 1334 (1896): Biltz. Ber. deutsoh. rhem. 
Gea.. 87, 1766 (1900); 88, 2963, 2973, 4143 (1905); Zacharias, Zeit. phys. Chem., 3, 
4f&gt;8(1901). 

f Lehrbuch der Allgemeine Chemie II. (2 Aufl.), 232. 

d Zeit. phys. Chem., 15,60 (1894). 

* Annalen, 288. 360 (1894). 

/Jour. Chem. Soc., 69, 1334 (1896). 
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is negatived by the cryoscopic measurements of the osmotic pressure 
and of the conductivities of aqueous solutions of picric acid. 

Biltz has studied several similar cases. An especially interest 
ing one is the absorption of alizarin by ferric oxide, the distribution 
being described by an exponential formula, but the curve repre 
senting it not going through the origin. That is, the concentra 
tion of the solution must be above a certain value before any absorp 
tion on the solid can take place. Similar cases, as, for instance, in 
the absorption of phosphates from solution by soils, have been 
observed in this laboratory. 

Freundlich 6 has added to Ostwald s equation the concept that 
the total quantity of solute present in the system has an effect upon 
the equilibrium though the explanation for this is not yet at hand 
and his empirical equation, derived from Ostwald s, takes the form 

A. = ln{ ), where A. is a constant, Fis the volume of solution, 
m \a-xj 

m the mass of absorbent, a the total solute in the system, and x the 
total quantity of solute obsorbed. Freundlich restricts this for 
mula to dilute solutions and finds that it does not hold for solutions 
which conduct electricity well. 

Travers c objects to Freundlich s statement that adsorption is inde 
pendent of the solid adsorbent, the solute, or the solvent used, and, 
in addition, makes the point that a rigid distinction between crystal 
line solid solutions and highly viscous liquid solutions, such as glass, 
should be made. According to Travers, many cases of absorption 
which Freundlich would class as purely adsorption effects are in real 
ity highly viscous liquid solutions formed at the surface of the adsorb 
ing solid. 

Freundlich d in his answer to Travers states that he has not thought 
that the magnitude of the adsorption effect is independent of the solid 
adsorbent, the solute, and the solvent, but merely that the same solid 
adsorbs different solutes from solution in the same relative quantities 
from different solvents. 

Travers also takes exception to Freundlich s statement that the 
magnitude of adsorption is independent of the temperature. Freund 
lich admits that, broadly speaking, Travers s criticism is justified. 
Freundlich means merely to indicate that the temperature effect is so 
slight as to render unnecessary the use of a thermostat in the measure 
ments made by himself. 

Ber. deutsch. chem. Ges., 37, 1766, 3138 (1904); 38, 2963, 2973, 4143 (1905). 
Nach. K. Ges. WLss. Gottingen, Math.-Phys. Klasse, 1, 1 (1904); 1, 1 (1905); 3, 1 
(1905), with Kurt Utescher. 

b Zeit. phys. Chem., 57, 385 (1906). 

cZeit. Phys. Chem., 61, 241 (1907). 

dZeit. Phys. Chem., 61, 249 (1907). 
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Ill-din" bus shown that charcoal al)^orh&gt; IrvpMii alnio&gt;l completely 
from dilute solution, and M the concentration of t ry|in increases t he 
charcoal gradually beoomefl -at united. Arguing from Kreundlich s 
treatment of adsorption, Hcdin concludes that this behavior of trvp- 
sin is different from that of adsorbed crystalloids, in that the tryp&gt;in 
shows a specific attraction for the charcoal, the first portions adsorbed 
being so strongly bound as to suggest an irreversible process. But in 
reality Iledin s observation with trypsin agrees with numerous sys 
tems where the adsorbed solute is a crystalloid.* 5 

SULPHURIC AND HYDROCHLORIC ACIDS BETWEEN TEXTILES 
AND SOLUTIONS. 

Yignon and Mollard d have shown the distribution of sulphuric and 
of hydrochloric acids between their respective aqueous solutions and 
the textiles unbleached silk, ungummed silk (soire decreus6e), cotton, 
and linen. They find that cotton does not absorb these acids, but silk 
and linen take up relatively more acid from dilute than from concen- 

Q 

trated solution, the coefficient of distribution -^ increasing greatly as 

the acids are diluted, and decreasing slightly with rise in temperature. 
Equilibrium is established within one hour in those systems where the 
strength of acid was in round numbers from 1 per cent to 0.1 per cent. 
From 100 c. c. to 400 c. c. of solution was maintained in contact with 10 
grams of the textile absorbent. This research establishes the fact of 
distribution in these systems, but the data is insufficient to give the 
function $ (C t ) = f,, even approximately. 

SALTS BETWEEN GELATINE AND SOLUTION. 

Bayliss has found that the curve of electrical conductivity of suc 
cessive distilled water ext racts of gelatine is a hyperbola. It is there 
fore impossible to wash out all the electrolytes except by an infinite 

Hoppe-Seyler s Zeit. physiol. Them., 5, 504 (1907); see aim Hedin, Bio.-rh.-m. 
Jour., 2. Bill/., Zeit. phya. Chem., 47, 615 (1904); Nernst, Zeit. Elektrochem . , 10. 
377 (1904); Craw, Zeit. phys. diem.. -VJ, W9 (1905). 

& Zeit. phys. Chem.. .":. 385 l nr,,. 

&lt; Freundlioh s rest rin ion of the validity of his formula to ililnir .*&gt;lniiiii\ and M 
solntfs which do not ijtilil rnnilm-limj solutions tacitly admits tin* very ]x&gt;int Hc lin N 
making, i. o.. that adsorption is a specific effect which depends j&gt;rinni--ili/ U|K.H tin- 
coinjx sition of thi-adsorlM-nt. of the .--olute, and of the sol vent. Tin- lowi rinu or nii.-ini: 
of the suifa&lt;-&lt;- tenr-ion. x&lt;&gt;liil-lii/uiil. ii]xin which Frcundlich last-s his t n-at incut , i- o.n- 
tn&gt;lle&lt;l }&gt;&gt; tin* &lt;-oinpo~iiion of the s.&gt;lid and of the liquid which constiiut&lt;&gt; the li&lt;[iiid- 
solid BUI 

MJnl. Srn-. Cl,i 1C, fompt. n-nd., H:J, .V0 (1906); see also 

Knocht, Kauxin, l.oweiithal, IlandhiK h der l- itrlnini; von Spinn; 

Secals-Vi-iion. Itul. Sue. Chim. 1. - . MI the relation ..f the ele.-tri.-al 

conductivity o{ the dy Solution to ii&lt; ii n iem-\ 

/Rio.-t hem. Jour., 1. 
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number of changes of distilled water, each change removing a less per 
centage than the previous one; in other words, the electrolytes are 
present in an absorbed form. When the gelatine is washed nearly free 
from such admixtures and is placed in solutions of electrolytes, it 
again absorbs them, and so the conductivity of the solution is dimin 
ished. But it must not be taken as established that an absorbed 
solute is unable to contribute to the electrical conductivity of the sys 
tem in which it exists. It has been shown by Patten a that soil grains 
which have absorbed alkali carbonates, when in aqueous suspension, 
add very greatly to the electrical conductivity, and when removed by 
centrifuging take with them the adsorbed or absorbed material, leav 
ing the supernatant solution lower in conductivity than before. Simi 
larly soils made up to paste with water or salt solution show an elec 
trical conductivity due in part to salt which is adsorbed (or absorbed) 
and is very resistant to removal by leaching. 6 

FERRIC CHLORIDE BETWEEN FERRIC HYDROXIDE AND SOLUTION. 

Duclaux c opposes the contention of Nicolardot and Wyrouboff 

that the formation of a compound Fe 2 (OH) 6 JVTJ Fe 2 Cl 6 limits the 

possibility of removing chloride from colloidal ferric hydroxide. 
Duclaux has obtained by dialysis a ferric hydroxide containing less 
than one-third of the amount of chloride implied by the above 
formula, and sees no reason why the removal of chloride should not 
be carried further. 

DEFINITIONS. 

MAXIMUM ABSORPTIVE CAPACITY. 

The maximum amount of a solute which an absorbent may remove 
from solution is, under any standard conditions of temperature, a 
perfectly definite quantity, characteristic of the absorbent, and is a 
measure of what may be defined as the "maximum absorptive capac 
ity" of an absorbent. This maximum amount of solute can not, 
however, be absorbed from a solution of any concentration whatever, 
as is shown by equilibrium experiments/ but only from a solution 
which is saturated with respect to the solute and at the same time in 
equilibrium with the absorbent. Practically this case could only be 
realized when some of the solute is present as a solid phase, and such 
a system has generally but little interest, owing to the difficulty of 

a Electrochem. and Met. Ind. 5, 257 (1907). 

b Whitney and Means, Division of Soils, U. S. Dept. Agr., Bui. 8, 1897. 

eCompt. rend. 143, 29G (1906). 

d Cameron and Bell, Bui. No. 30, Bureau of Soils, U. S. Dept. Agr. 1905; Schreiner 
and Failyer, Bui. No. 32, Bureau of Soils, U. S. Dept. Agr. 190G; Patten, Trans. 
Am. I^lectrocliem. Soc., 10, 67 (1906). 



distinguishing between the alorled and nonabsorbed solid. It is, 
therefore, more convenient to estimate the maximum ab-orptne 
capacity of an ab.-orbent hy extrapolating from data obtained \\it.li 
solutions somewhat ]x&gt;]o\v saturation. 

SPECIFIC ABSORPTIVE CAPACITY. 

From a solution containing less solute than is required to saturate 
it an absorbent ean remove a quantity less than that which measures 
its maximum absorptive capacity, but a quantity which is neverthe 
less perfectly definite for any given concentration of solution. This 
quantity may be defined as the specific absorption with respect to 
that particular solution. 

Thus a solution of potassium chloride containing 500 parts per 
million of potassium chloride when brought into contact with a soil 
will lose potassium chloride, as the soil absorbs it, at a speed which 
gradually decreases till the salt reaches a final distribution between 
soil and solution. ,The weight of potassium chloride absorbed at a 
given temperature by 1 gram of soil represents the specific absorptive 
capacity of the soil for that particular salt at that particular concen 
tration of the salt. This concentration is not the original concentra 
tion of solution 500 parts per million of potassium chloride but is 
the final concentration reached after the absorption has been com 
pleted. If by a slight alteration of other conditions, such as tempera 
ture, the soil absorbs temporarily more salt than when the chosen 
temperature is again reached, the solution will remove the excess of 
absorbed salt from the soil and reduce the quantity of potassium 
chloride remaining in the soil to its absorptive capacity for the original 
conditions. In other words, absorption is a reversible phenomenon. 

GENTIAN VIOLET DYE BETWEEN SOIL AND SOLUTION. 

It is significant that those substances which are prominent as 
fertilizer constituents, namely, potassium, calcium, ammonia, phos 
phoric acid, and proteid organic matter, are substances which are 
markedly absorbed by soils. From the increasing knowledge of the 
effect of adsorbing surfaces upon the chemical reactions which might 
ordinarily be expected to take place among these various soil const it u- 
ents, it is evident that such reactions may bo and probably are \ n \ 
much modified when they take place in the presence of the ad-orbing 
surfaces. In studying the distribution of an added -olute between 
a soil and water there is difficulty in obtaining complete data \\hen 
the soil already contain-- the .-olnte in question. There i- n&lt;&gt; method 
of determining absolutely the quantity of any -oluble material in 
a soil which has already been ah-orbed &lt;&gt;n the -oil grain-, and even 
though the amount of solute present in the \\ater added to the -oil 
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bo measured exactly, the total amount present as absorbed material 
can not be ascertained. 

To determine the character of this distribution more readily, 
water-soluble bodies have been used which are not contained in the 
soil naturally, and which are not appreciably changed by contact 
with the soil. Thus there are known the quantities of solute, ov4he 
soil, and of the water, and by varying the weight of solute a series 
of systems in equilibrium are obtained and the distribution of solute 
between water and soil can be examined quantitatively. When the 
character of the distribution is thus determined, a criterion is obtained 
for comparison with the less exact data of the distribution observed 
with soluble bodies which commonly exist in the soil, such as potas 
sium salts, nitrates, phosphates, or water-soluble organic matter. 
Similar equilibrium experiments were made using fine quartz flour 
instead of soil to eliminate the effect of (1) the soluble material 
already present in the soil and (2) of the organic matter in the soil, 
which latter exerts so large an absorbing effect upon the solute as to 
mask the distribution of this solute between the mineral components 
of the soil and the solution. 

The dye gentian violet has been found particularly well adapted 
to studying distribution, because it is changed very slightly, if at all, 
by contact with the soils used or with quartz flour, and because it 
can be readily estimated colorimetrically to within a fraction of a part 
in a million of solution. It is a basic dye (gentianin), represented 
by the formula (CH 3 ) 2 N.C 6 H 3 :SC1.N:C 6 H 3 .NH 2 , and is analogous in 
that respect to ammonia bases in general and to some fermented 
manures. The sample of gentian violet used gave characteristic 
reactions, viz: (1) Dilute aqueous acids, as hydrochloric or nitric 
acids, turn the aqueous dye from a violet to green; (2) concen 
trated sulphuric acid dissolves the dye, forming a yellowish-green 
solution, and (3) aqueous sodium hydroxide gives a violet color. 
The solubility of gentian violet in water at 25 C. was found to be 
6.81 per cent of solution by weight. The experiments were carried 
out at room temperature which varied but little from 25 C. 

One hundred gram portions of each soil were placed in strong 
glass bottles of some 225 c. c. capacity, with 150 c. c. of dye solution, 
agitated in a shaker for several days, placed in a centrifuge and 
whirled for several hours, and a small portion of the liquid withdrawn 
from each and the dye content estimated colorimetrically. The 
bottles were then replaced in the shaker, again centrifuged, and 
the dye in solution again determined. This was repeated till equilib 
rium had been reached, which usually required about a week s time. 

By a separate experiment it was found that 100 grams Marshall 
silt loam absorb 4 c.c. of water from a saturated atmosphere at 29 C. 
This was taken as representing the volume of water which is extracted 
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from the solution when brought into contact with this soil. So, in 
effect, the volume of solution for which the concentration of dye is 
determined is not 150 c.c. the volume of liquid added hut 146 c.c. 
Similarly, 100 grains Ilagerstown loam ahsorbs 4.5 c.c. of water from 
a saturated atmosphere at 29 C., and accordingly this value was 
used in calculating the concentration of the solutions after ahsorption. 
The quart/ flour used absorhed 0.8 c.c. water under the same con 
ditions; hut as this correction affects the distribution curve by less 
than 1 per cent, it is neglected. 

Table IV gives the experimental data for the distribution of gen 
tian violet between soil and water. The first column shows the total 
quantity of dye added; the weight of dye withdrawn from solution 
per kilo of soil is shown in the second column for Marshall silt loam, a 
representative fertile soil, and the grams of dye remaining in a 
liter of solution in the third column. The distribution for Ilagers 
town loam, another fertile soil, is given similarly in the fourth and 
fifth columns, and for fine quartz flour in the sixth and seventh 
columns. 

TABLK IV. The distribution of gentian violet betu-een soils and solution. 
* [100 grams soil and 150 c.c. solution.] 



Dye added. 


Distribution. 


Marshall silt loam. 


Hagerstown loam. 


Quart/, flour. 


Dye per 

- 


Dye per 
liter Mtth 
tion. 


SRS 


Dye per 
liter Mia- 

tion. 


flPffi -F 


Gram*. 

.015 
.075 
.100 
.200 
.300 
.40 
.50 
.70 
1.00 
1.50 

2.50 
3.00 
3.20 
100 


Gram,. 


&lt;.r 


,- 


&lt;: 


Oram*. Gramt. 
O.W Tracr. 
.14 0.0001 
.743 .0040 
. 984 . 0106 
1.901 .086 
2.66 .224 
2.89 .740 
2. 95 1. 370 
2.97 2.668 
2.93 1710 
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When the concentration of the dye left in solution is taken as 
abscissa and the concentration in soil as ordinate, curves resembling 
the parabola are obtained. By extrapolating these curves the 
maximum absorptive capacity of the soil for gentian violet may be 
found: Marshall silt loam, 38 grams dye per kil&lt;&gt; of -oil ; 1 lair r&gt;t own 
loam, 20.45 grams dye per kilo; quart/. Hour. _ .H7 gram- dye per 
kilo. The absorption capacities an in the mti&gt; ii:!:t&gt;i: i,anl &gt;ho\\ 
that each soil has it-. .\\n ah&gt;orptiv- capacity. The -nil L r.-iin 
of Marshall &gt;ilt loam i&gt; ver\ nearly the &gt;am- a&gt; that ! I I;IL -I-I"\\ n 
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loam when calculated on the basis of their mechanical analysis, and 
yet the Marshall soil absorbs nearly twice the quantity of dye taken 
up by the Hagerstown soil. Again, both of these soils have an area 
presented by their grains nearly twice as great as the surface offered 
by the same weight of the quartz flour used, and yet the quartz has 
by no means half the absorptive capacity of either of the soils. The 
presence of organic matter is undoubtedly a very important factor 
in determining the magnitude of the absorption; but this absorption 
of dye by quartz shows that the mineral constituents of a soil, as 
well as the organic matter it contains, enter in to determine its 
absorptive capacity. It is certain, moreover, that mineral con 
stituents other than gelatinized products of hydrolysis are capable 
of absorbing soluble bodies from the soil solution to a marked extent. 
Considering the concentrations of dye when the soil has nearly 
reached its maximum absorptive capacity, it will be seen in Table IV 
that Marshall silt loam abstracted from solution 92.5 per cent of the 
total dye added; the Hagerstown loam, 51.1 per cent; and the quartz 
flour, 59 per cent. At lower concentrations of dye in solution the 
soils absorbed relatively more dye, and although the dye is truly 
distributed between soil and solution the soil holds so large a portion 
of dye that for practical purposes the dye is all absorbed. Thus for 
0.5 gram dye added the Marshall silt loam absorbed 97 per cent; the 
Hagerstown loam, 99.99 per cent; and the quartz flour, 59 per cent 
of the dye. When only 0.075 gram dye is added, the quartz flour 
absorbs 99 per cent, leaving only 1 per cent in solution. Conse 
quently it is clear that absorption experiments carried on over a 
limited range of concentrations may lead to false conclusions regarding 
the distribution. These experiments further emphasize the fact 
that a soil may hold a relatively large quantity of water-soluble 
material even in contact with a very dilute aqueous solution. 

EOSINE DYE BETWEEN QUARTZ FLOUR AND SOLUTION. 

Table V gives the data for the distribution of sodium eosine between 
quartz flour and water. Here the absorptive capacity of the quartz 
for eosine does not tend to a limiting value at these concentrations 
as it does for gentian violet, but the absorption of eosine is nearly 
proportional to the quantity of eosine in solution, the distribution 
curve being not quite a straight line. Examples of linear distribution 
are known. For instance, Gaubert" observed it for the absorption 
of methylene blue by crystals of phthalic acid deposited from solution 
in the dye when the solution is cooled, and for the absorption of the 
same dye by crystals of nitrate of urea. And Van Bemmelen 6 has 
given an interesting case in the absorption of potassium chloride by 
stannic oxide. 



a Compt. rend., 142, 93C (1906). & Zeit. anorg. Chern., 23, 113 (1900). 
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TABLK V. Distribution of eosine between quartz Jlour and tolution. 
|50 grams quartz and 75 c. c. notation.] 
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Oriims. 
0.34H 
4.2 


Onimt. 

7.200 



MANURE EXTRACT BETWEEN SOIL AND SOLUTION. 

To stud}* the absorption of the soluble organic bodies in manures, 
several concentrations of a well fermented and matured extract were 
allowed to stand in contact with soils, with frequent shaking, for 
two weeks at room temperature, 25 C. Then the supernatant liquid 
was poured off, centrifuged, evaporated to dryness in a steam bath, 
then in a water oven, and weighed; ignited, weighed, and the organic 
matter gotten by difference. The quantity of organic matter in the 
original manure-extract solution was determined similarly. 

TABLE VI. Distribution of manure extract between soil and solution. 
[500 grams soil and 2,000 c. c. solution.] 





llagerstown loam. 


Organic 
matter 

in a.lcle.l 
extract. 


Organic 
nmttfr 
absorbed 

I-r kilo 
soil. 


Organic- 
matter 
j-r liter 
solution. 


Grams. 


Grams. 


Gram. 


0.2940 


- 


0.133 


.5880 


" 


.203 


1.178 


.721 


.403 


2.350 


1.180 


.880 



Marshall silt loam. 



Norfolk sand. 



Gram. 



-0.109 
.354 




" 

- .100 .3192 

.077 .587 

.440 1.0650 



Table VI contains data for llagerstown loam, Marshall silt loam, 
and Norfolk sand. A correction for the volume of water absorbed 
on the soil grains was rejected here, as it amounts to less than 1 per 
cent, and the data serve to show the general trend of the distribution. 
A.S there is some organic matter already present in the soil, the 
ibsorption appears negative for low concentrations of manure 
&gt;x tract, since the organic matter comes out of the soil and increases 
.he total quantity present in solution. For llagerstown loam the 
naximum absorptive capacity was found by extrapolation of the 
distribution curve to be approximately 1,700 parts per million. This 
neans that with very great concentration of manure in solution 1 
kilo of this soil would absorb 1 .7 grams of soluble manure from the 
extract and no more. The data does not admit of calculating the 
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maximum absorptive capacity for the other two soils, but a com 
parison of the soils on the basis of the highest quantity of manure 
absorbed by each gives a ratio of 2.7: 2:1, in the order: Hagerstown 
loam, Marshall silt loam, and Norfolk sand. Here the order of the 
absorptive capacity is the reverse of that found for gentian violet as 
shown in Table IV, where Marshall silt loam had nearly twice the 
absorptive power found for the Hagerstown loam. 

RELATION OF DISTRIBUTION TO THE USE OF FERTILIZERS. 

This series of experiments is important in showing that absorption 
is dependent as much on the nature of the solute as on that of the 
absorbent. It further indicates the probable futility of attempting 
to select empirically a dye with which quantitative measurements 
might be made to determine the absorptive power of a soil for manures 
or fertilizers, or to determine its relative crop-producing pow r er. 

The experiments w T ith gentian violet, together with those using 
manure, in Tables IV and VI, show that w r hen fertilizers are applied 
to a soil relatively less and less soluble matter is absorbed from the 
fertilizer as more and more fertilizer is added to the same area. But 
on any given tract the percentage of fertilizer absorbed is greatest 
where the least fertilizer is used. 

The usual application of fertilizers, however, does not raise the 
concentration of the soil solution appreciably. This is due to the 
fact that soils in the field can still absorb far more of the fertilizer 
constituents, and the conditions are represented by the steep portion 
of a distribution curve, in which region the soil absorbs large quanti 
ties of soluble material, leaving the solution very little different from 
the original soil solution. 

Several of the cases given above for the distribution of a solute 
between water and soil can be represented by straight lines, that 
is, they can be described by a linear function of the form CIC 1 =K. 
In what appears to be the more general type of distribution, how 
ever, the data do not accord well with the equation C n /C i =K, 
but with equations of a more complex form; in fact, for some dis 
tribution curves, when the logarithms of C and C t are taken and 
plotted, a curved line results, showing that no exponential equation 
describes this particular distribution curve. As these complex 
equations have no special significance and are purely empirical, they 
are not given here. One reason for these deviations from the sim 
pler forms of the distribution equation was apparent in the marked 
changes in the state of aggregation or " flocculation " a of the soil 
particles induced by different concentrations of the solute in the 
aqueous solutions. In the absorption of cosine by quartz, where 

"Patten, Trans. Am. Electrochem. Soc. 10, 67 (1906.) 
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the distribution was nearly linear, there was no floeculation of the 
absorbing grains which could be observed; but the same quartz 
Hour was flocculated when absorbing gentian violet, and very differ 
ently at different concentrations of dye. Moreover, the extent of 
the floeculation with increasing amount of dye went through a 
maximum, so that no simple formula could be expected to hold for 
the distribution curve. The soils studied showed similar floecula 
tion phenomena. The foregoing data and considerations lead to 
the following conclusions: 

(1) The distribution of solute between solvent and ahsorl&gt;cnt 
presents in general the same characteristics with soils as with other 
absorbents. 

(2) For any series of soils or other absorbents the order of the 
absorptive capacities for one solute may be entirely different from 
the order for another solute. 

(3) With one and the same soil or other absorbent the distribution 
function may be linear for one solute and asymptotic for another. 

(4) Generally when soils are the absorbents the change of surf are 
or "floeculation" introduces a modifying factor and the form of 
the distribution equation is rendered more complex. 

EFFECT OF TEMPERATURE UPON DISTRIBUTION. 

Biedermann" studied the effect of temperature upon absorption 
from solution. His results are not concordant, but are nevertheless 
what might have been expected when the effect of temperature 
upon humus and upon the various soil constituents, such as calcium 
carbonate, are considered. In general, for phosphates, the higher 
the temperature, up to 100 C., the greater the absorption, and 
ifter boiling for fifteen minutes still more solute was fixed by the 
soil. There are exceptions to this rule, where the absorption is 
less at higher temperatures; for potassium the absorption decreased 
.vith rise in temperature for five out of nine soils. 

Bavliss 6 has further shown that the rate at which Congo-red is 
aken up by paper is accelerated by rise of temperature, but the total 
unount taken up when equilibrium is reached is less the higher the- tem 
perature; the temperature coefficient of the reaction velocity is very 
Jow,so that Nenist s theory as to the part taken by diffusion in heter 
ogeneous reactions seems to apply to adsorption. At low tempera- 
lures, equilibrium is attained slowly; at room temperature, twenty- 
lour hours is necessary. The adsorption complex of gelatine and 
inorganic electrolytes is also dissociated as the temperature rises, 
j nd no evidence of heat production in adsorption is obtained. The 
leaction between Congo-red and paper is reversible; so also is that 

Landw. Vers.-Stat., 11, 1 (1869). *Bi&lt;&gt;&lt; hem. J&gt;ur., 1, 175 (1906). 

.{507:$ Hull. 51 OS J 
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between gelatine and electrolytes. It is, however, noticed that rais 
ing the temperature rapidly to 100 C. tends to fix Congo-red in 
paper. 

Draper and Wilson have shown 6 that "bleu de nuit" may be 
absorbed by silk in two different manners, depending upon the tem 
perature at which the dyeing takes place. Above 40 the dyed 
fabrics are much more resistant; at 15 the dyed fabrics "fade out" 
by a treatment with "soap solution" or with alcohol. When the 
temperature of the bath is raised, a part of the dye is fixed more 
firmly. These experiments have been extended to acid dyes. The 
silk dyed with anthracene red, acid 3B, employing 0.25 per cent of 
the dye in a solution of acetic acid, 0.2 per cent, offered a resistance 
to "soap solution" greater according to the temperature. If one 
makes the treatment with a solution of 1 per cent of neutral soap 
solution heated to 55 C. and allows an immersion of thirty minutes, 
the following results are obtained : f 

TABLE VII. Effect of temperature upon absorption according to Draper and Wilson. 



Tempera 
ture of 
the bath. 


Dye re 
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C. 
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18.5 


0.002 


75 
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.01 
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RATE OF ABSORPTION. 
FORMULA EXPRESSING RATE OF ABSORPTION. 

The simplest assumption that can be made is that the rate of 
absorption is proportional to the quantity of solute which the absorb 
ent may yet take up; that is, to the difference between the specific 
absorptive capacity as defined on page 43 in this bulletin and the 
amount of solute already taken up. If in time t, the absorbent has 
taken up the amount of solute, y, while its specific absorptive capacity 
for a solution of that particular concentration is A, then the above 
assumption can be formulated thus: 



where K is the constant of proportionality for the particular absorb 
ent and solution under standard conditions. In the following para 
graphs a few typical cases will be described for various absorbents, 
including soils. 

a Jour. Soc. Chern. ind., 2(&gt;, 667 (1907). 
6 Jour. Soc. Dversancl Colorists, 22, No. 9. 
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In testing this rate equation with the observed data, it will be 
more convenient to use the integrated form, namely, 

which is a linear function with respect to log (A -t/)and t. Since no 
sfx cial significance attaches to the constant K, Briggsian logarithms 
may be used for convenience. From inspection of this integrated 
(Illation it is evident that when the values log (A y) are plotted 
igainst t a straight line results if the original differential equation, 

/= K(A y), correctiy describes the rate of absorption. 

EXPERIMENTAL TESTS OF FORMULA. 



RATE OF ABSORPTION OF POTASSIUM BY A SOIL. 

Peters " has determined the rate at which a soil absorbs potassium 

: rom an aqueous solution of potassium chloride. lie does not 

^ive the temperature, but states that the experiments were carried 

&gt;ut at Tharand in the summer of 1860 at room temperature. His 

results are given in Table VIII, where t represents the time in hours; 

, the grams potassium oxide absorbed by 100 grams of soil; and log 

^1 y), the value calculated from .1, 0.21 68 the specific absorptive 

apacity of the soil for the end concentration of solution less the 

alue of y at each time given in the table under t. 

When log 04 y) is plotted against t, the graph is not a straight 

1 ne; and, in addition, log A as estimated by extrapolating the curve 

i &gt; less than the value of log A as found by experiment. Consequently 

follows that the formula ? = K(A y) does not describe the actual 
ite of absorption observed by Peters. 

J \;.i i. VIII. Half of absorption of potattium o.ride by a soil, according to ( . Peters. 



[100 grams -M ami J.v c. c. of 0.05 \ potassium chloride solution.] 
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RATE OF ABSORPTION OK OXALIC ACID BY ANIMAL CHARCOAL. 

Lagergren 6 has determined the rate at which animal charcoal 
i &gt;sorbs oxalic acid, and, using the reaction velocity equation of the 

i -st order ,/ = A (A y), he has calculated a series of values of y, which 



ljmlw. Vere.-SUt., 2. 127 (1860). 

K. Sv. Vet. Akal. Hamll., Hand 21. Afd. II. Xo. 4, ii 
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are given together with those for t and y in Table IX. A is taken as 
the maximum quantity of oxalic acid absorbed. His calculated 
values do not agree with the experimental values of y sufficiently well 
to warrant the use of this equation. 

TABLE IX. Rate of absorption of oxalic acid by charcoal, according to Lagergren. 
[Five grams charcoal and 10 c. C. of solution containing 4.241 grams oxalic acid per liter.] 



Time, t. 


y oxalic 
acid 
absorbed. 


Calculated 
value of y. 


Time, t. 


y oxalic 
acid 
absorbed. 


Calculated 
value of y. 


Minutes. 
5 

10 


Gram. 
0.04(i 
.090 


Gram. 
0.042 
.07C 


Minutes. 
180 
360 


Gram. 
0. 245 
.227 


Gram. 


30 

00 


.151 
.198 


. 163 
.215 


2.880 


.249 





RATE OF ABSORPTION FROM PERCOLATING SOLUTIONS. 

Schreiner and Failyer" have studied the rate at which phosphates 
and potassium are absorbed from solution passing through typical 
soils. A solution of definite concentration was percolated through 
soils, maintaining the rate of percolation constant by an automatic 
device, and determinations were made of the concentrations of 
solute, which increased in the successive percolates. It was found 
that each soil had its own specific absorbing power and that the 
process of absorption, considered as a volume rate, gave very regular 
curves wlien the quantity of phosphate absorbed was plotted against 
the total volume of solution which had been percolated. It was 
shown that the volume rate of absorption was well described by the 
differential equation 



where A is the specific absorptive capacity" of the soil for phos 
phates in equilibrium with the solution, y is the quantity of phosphate 
which the soil has taken up from solution after v c. c. of that solution 
has passed through the soil, and K is a constant the velocity con 
stant. As the liquid passes from top to bottom each layer exerts its 
absorbing power upon weaker and weaker solution, and consequently 
the rate equation 



is a summation of all these various rates of absorption. 

a Bul. No. 32, Bureau of Soils, U. S. Dept. Agr. 1906; Jour. Phys. Chem., 10, 239, 
361 Cl 906) . Compare , Oalugareanu and Henry, Compt. rend. Soc. Biol. , 53, 579 (1901). 
Diffusion of dye stuffs through gelatine. 
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RATE OF PERCOLATION THROUGH SOILS. 

Seelheim" has examined quantitatively the factors whirh deter 
mine the rate of percolation through sand, clay, and calcium car 
bonate, and finds that Poiseuille s formula, Q=CjL, holds for all 
three solids. A mixture of two sands, one having grains small enough 
to lodge in the interstices between the grains of the other, gives very 
nearlv (about 1.2 times greater) the percolation rate of the smaller 
grained sand. But where the two sands have grains more nearly of 
the same size, the percolation rate is the average of that for each sand 
separately. The rate of flow is directly proportional to the head of 
water and inversely to the thickness of the soil layer. Where several 
layers of soil are superposed, the speed of percolation is essentially that 
of the least permeable layer. The acceleration in flow due to increase 
in temperature was determined, and an interpolation formula, calcu 
lated by means of least squares, is given for the sand, clay, and chalk 
used. 

RATE OF MOVEMENT OF LIQUIDS THROUGH CAPILLARY TUBES, 
AND THROUGH PAPER AND POROUS MEDIA. 

The work of Cameron and Bell 6 on the rate of movement of liquids 
through capillary tubes and through paper and porous media gives 
11 slightly different treatment of the rate of absorption during perco 
lation. In their first paper an empirical equation was proposed to 
describe the movement of water and of aqueous solutions through 
blotting paper and through soils: 

y D = Kt 

where y represents the distance through which the liquid has moved 
in the time, /, and n and K are constants depending upon the tem 
perature and the specific substances. The second paper places this 
empirical equation upon a rational basis by deriving it from the 
ormula of Poiseuille for the movement of a liquid from one 

IID 4 
Level to another through a capillary tube: Q= C --, where Q is the 

quantity of liquid passed through in unit time; H is the difference in 
level, or "head;" D and L are the diameter and length of the tube, 
respectively; and Cis a constant. Tlus equation may be applied to 
he advance or retreat of water in a capillary tube only when the 
ussumption is made that the energy gained or lost with change of 
,-elocity (the "velocity head") is negligible in comparison with tin- 

" Zeit. anal, ( hem., 19, 387 (1880). 

*&gt;Bul. No. 30, p. 46, Bureau of Soils, U. S. Dept. &lt;.i A-r. I-.MI.V. .l..ur. I hy-. t l, ( .,i , 
10, 058O90T,). 

Ann. ( him. l li\.-. . 7. .".&lt; 
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energy gained or lost in the change of level of the water or in the 
friction against the walls of the tube. This formula was found to 
hold very well for the movement of several pure solvents through 
capillary tubes. 

Several series of experiments were made by Bell and Cameron 
using blotting paper and soils with water, aqueous potassium chloride 
solution, and aqueous sodium eosine, indigo-carmine, and coralline 
solutions, and the formula was found to hold in every case, with the 
restrictions that the acceleration be negligible in comparison with 
the velocity and that the length of the capillary soil tubes be great 
in comparison with their diameters. And, in addition, they have 
shown that this equation describes the movement through soils and 
paper of solutions which suffer change during the process. Both 
the advance of the solute and of water in the medium conform to this 
formula. 

RELATION OF DISTRIBUTION TO RATE OF ABSORPTION FROM A 
PERCOLATING SOLUTION. 

These rate-of-advance studies of Cameron and Bell are related to 
the percolation studies of Schreiner and Failyer. The latter main 
tained the rate of flow constant and plotted the total quantity of 
solute absorbed against trie volume of solution percolated. It will 
require a long period of time to bring the lower layers of soil to any 
thing like saturation with respect to the solute in question, so that 
throughout the percolation experiment there will be a different con 
centration of solution in contact with each layer of soil from top to 
bottom of the percolation tube. 

The rate of selective advance in soils for indigo carmine and water 
through the Penn loam, for coralline and water through the Penn 
loam, and for coralline and water through the Podunk fine sandy 
loam shows that the advance of the dye is slower than that of the 
water, and is different for each dye. This means, of course, that the 
absorption effect exerted by the soil upon the solution robs it of 
nearly all the dye, until a point on the distribution curve is reached 
where the solution can retain sufficient dye to carry it along by perco 
lation to the next layer of absorbent. Thus we are not in reality 
studying the rate of flow of the dye or of the dye solution in these 
experiments, but rather the retaining ability of the various absorbent 
materials for the dye as its solution percolates. When the absorbent 
material is fairly well saturated with the dye, the rate of flow will 
differ, but not greatly, from that of water, save as the addition of 

"Krakow, Jour. Landw., 48, 209 (1900), on comparing pure water and solutions 
side by side, found that the water moved more rapidly through a soil. Briggs and 
Lapham. Bui. No. 19, Bureau of Soils, IT. S. Dept. Agr. 1902, p. f&gt;, made the .-aine 
observation, which they attribute to the greater viscosity of the solutions. 
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distilled water changes the &lt;li&gt;t riluit ion and thus induces a Hoccula- 
tion or deflocculation of the grains of the absorbent, thus altering the 
channels in the soil and the diameters of the capillary soil tubes. 

The absorption curves of Schreiner and Failyer are necessarily 
asymptotic, since the soil can absorb only a limited weight of salt 
from any given solution. Consequently their curves might be 
expected to fit some equation in which the dependent variable tends 
to a limiting value. This was found to be the case, the formula 

-^= K(A y) serving remarkably well to describe their experimental 
dv 

results and others obtained in this laboratory. 

The same consideration applies to the rate studies of absorption in 
general, viz, that there is a limit to the quantity which an absorbent 
can take up and retain under equilibrium conditions; therefore all 
curves plotted with quantity of substance absorbed as ordinate, /, 
and time of absorption, t, as abscissa, must necessarily tend to an 
upper limit for y. Consequently no exponential equation of the 
form y n = Kt can exactly describe absorption rate curves. For, when 
the time is infinite, the absorption, y, likewise is infinite; and this is 
contrary to experience. 

Similarly in the rate-of-advance studies: The formula y* = Kt 
postulates that when t = &lt;x&gt; the height of the liquid in the soil shall 
be infinite. This, again, is contrary to experience, the capillary 
water rising until its weight balances that of the capillary effect. 
But the formula was developed correctly enough for the advance or 
retreat of liquid in a horizontal capillary tube where y for all prac 
tical purposes is infinite, and the driving force, the capillary column 
of liquid, remains constant. With blotting paper, too, the formula 
was found to hold for short distances whether the paper was in a 
horizontal position with y=& ; or held vertically with y approach 
ing a limit. The application of this formula, then, to vertical columns 
of soil and blotting paper is justifiable, in that it enables us to handle 
and compare and analyze experimental data in a more satisfactory 
manner than by merely plotting the curves. But it should be borne in 
mind that the formula y 11 =- Kt can not rigidly express any function 
which tends to a limiting value. This caution is emphasized here, 
since a number of rate curves are described by this formula for a 
limited range. 

ENERGY CHANGES. 

In general the treatment of energy change takes the form of mea 
uring the change produced in proper-tie- of one viil&gt;-tance by action 
upon it of a second. The energy in a body that i- available for pro 
ducing change- in another &gt;ul&gt;-t ance. or &gt;ill&gt;-tancc-. other than heat 
is called the free energy. It i&gt; diH erent at dill eivnt temperature-. 
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since the heat-capacity or energy-capacity of a body changes with 
the temperature. 

When a body adsorbs another, one may expect several different 
energy changes, mainly 

(1) In cohesion and in surface energy. 

(2) In work done on expansion or contraction of volume. 

(3) Electrical effects; such as static charges on surfaces and upon 
suspended particles, and change in potential difference where metals 
are immersed in electrolytes. 

(4) Heat effects; heat evolved or absorbed due to change in heat 
capacity, and due to a rearrangement of the whole system. 

TEMPERATURE RISE CAUSED BY MOISTENING POWDERS. 

Pouillet observed a rise in temperature when various powders 
were moistened by different liquids using for this purpose water, 
oil, alcohol, and ethyl acetate. As absorbents he used finely divided 
metals, metallic oxides, powdered glass, clay, and a number of 
organic substances. 

A number of investigators have measured the rise in temperature 
occasioned by the absorption of various vapors by dry soils and other 
absorbents. A discussion with citations of this literature has recently 
been given, 6 and need not be repeated here. 

CHANGE IN DENSITY OF ABSORBED LIQUIDS. 

Hassenfratz c claimed that a substance such as glass after being 
powdered showed a smaller specific gravity than before, and that the 
adherence of air to the powder does not account for the phenomenon. 
But he gives one experiment using the same sample of glass powder 
in which the density obtained on weighing the glass under water in 
an evacuated flask was greater for the powdered glass than for the 
same glass in one sheet. Since this agrees with the results of later 
investigators, it is very likely that the other observations of Hassen- 
fratz where he found a lower density for the glass in powder form 
were affected by incomplete removal of the absorbed gases from the 
glass. He has, however, shown very well by these experiments that 
a powder placed in a liquid and thoroughly stirred will retain a con 
siderable quantity of gas, and that the last traces of this absorbed 
gas are very difficult to remove, even when the liquid containing the 
powder is placed in a vacuum. 

In the case of water wetting a powder, Junk rf found that above 4 C. 
there was an increase in temperature, and below 4 C. a decrease in 

Ann. Chim. Phys., 20, 141 (1822); Gilbert s Ann., 73, 356 (1823). 
b Bui. No. 51, Bureau of Soils, U. S. Dept. Agr.; Trans. Am. Elertrorhein. Sor. 
11, 387, 1907. 

c Gilbert s Ann. 1,39*6(1799). 
d Pogg. Ann., 125, 292 (1865). 
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temperature. This result is attributed to an increase in density at 
the surface of the powder, which above 4 ( . would tend to increase 
the tenijx rature of the mass of the liquid, and below 4 C. would 
decrease the temj&gt;erature. Meissner, however, has more recently 
found an increase in temperature at C. 

ESTIMATION OF THE PRESSURE IN ADSORBED LIQUIDS. 

Lagergren 6 has calculated the pressure of water at the surface of a 
solid consequent upon the increase in density, and finds a pressure 
upward of 6,000 atmospheres. Young c estimated its value for 
water at 23,000 atmospheres, while Lord Rayleigh d mentions with 
approval a hypothesis of Dupre", which leads to the value 25,000 
atmospheres by a deduction from the dynamical equivalent of the 
latent heat of evaporation of water. A change in density has also 
been noted by Spring, who found that the amount of water required 
to fill the spaces of a given mass of sand was greater than would t&gt;e 
expected if it were merely a phenomenon of occupying the air spaces. 
This phenomenon has been ascribed to an increase in the density of 
the water at the surface. 

TEMPERATURE INCREASE CAUSED BY MOISTENING SOILS. 



Stellwaag found the following increases in temperature by mois 
tening soils and soil constituents with water: 8.33 C. for a calcium 
carbonate sand rich in humus; 6.6 C. for ferric hydroxide; 5.57 C. 
for a loam soil. 

HEAT EVOLVED ON WETTING QUARTZ POWDER. 

Martini? gives 13.73 calories as the heat evolved on wetting 1 gram 
of quart/ powder with water. A mechanical analysis of the powder 
is not given. Similarly, charcoal evolved 14.45 calories per gram 
when placed in water. Ercolini* finds slightly different values: 13.23 
calories for quartz, and 14.23 calories for charcoal. 

HEAT EVOLVED ON WETTING CHARCOAL WITH VARIOUS LIQUIDS. 

Martini 1 found each liquid has its own heat of wetting. Thus with 
granulated animal charcoal at 17-18 C. water showed a rise in 
temperature of 15.58; absolute ethyl alcohol, 17.47; ethyl ether. 

aWied. Ann., 29, 114 (1886). 

OBihang. till K. BV. Vet.-Akad., Handl. 24, Afd. II. No. 5 (1898). 
"Mint-bin. Hydrostatics and Elementary Hydrokinetics, 311 (1892). 
Phil. Mag., "(5) 80, 473 (1890). 
- M.-in. S.M-. Geol. Helge, 1 7, 13 (1903). 
/Forwh. Geb. Agr. Phys., 5, 211 (1882). 
o\tli del H. Istituto Veneto (7) 0,958 (1897). 
*Xuovo Cimento (4) 9, 110 (1899). 
&lt;Atti del R. I -i ii MI.. Veneto (7) S, 510 &lt; !- 
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17.50; ethyl acetate, 18.94; benzene, 17.60; carbon disulphide, 
20.60. It is interesting to note, too, that benzene with impure 
charcoal gave no rise in temperature, and that amyl alcohol showed 
this same indifferent action, evolving no heat. Absolute alcohol 
caused a rise of 5.55 only, whereas less pure alcohol showed 10.03 
rise. Unfortunately, data are not available for the conversion of 
these observations to calories. 

Linebarger, using the same sample of quartz powder with which 
Martini worked, found 13.80 calories evolved per gram when placed 
in water; 11.21 and 10.88 calories for nitrobenzene; 9.61 and 7.55 
calories for toluene; 4.09 calories for benzene; 11.84 and 12.46 
calories for pyridine. The granules of this powder had an average 
diameter of 0.0005 cm. Using another sample, with average diam- 
eter of grain, 0.00096, Linebarger found that practically half the 
quantity of heat given above for each liquid was evolved on wetting. 
He found, in common with previous investigators, that the relative 
quantity of liquid does not influence the heat effect. A certain 
minimum quantity of liquid is necessary to produce the maximum 
heat change, but any excess of that amount has no perceptible in 
fluence. The heat effect per unit mass of the powder is the same for 
the same liquid at the same temperature, provided tiiis minimum 
amount be present. 

HEAT EVOLVED BY POWDERS ON ABSORBING WATER VAPOR. 

The experiments of Parks b indicate that the heat which water 
vapor liberates when it condenses upon the surface of the silica 
grains is returned to the liquid water (which is in the vessel with the 
silica to maintain the air space saturated with water vapor) as it 
evaporates to take the place of the water vapor which the silica had 
adsorbed. In the end, therefore, the same quantity of water is 
adsorbed and the same quantity of heat liberated when the silica is 
in contact with water vapor as when it is placed under liquid water. 

PARKS S LAW. 

In another paper c Parks formulates a law, "When silica, sand, 
or glass is brought in contact with water, at approximately constant 
temperature, the heat evolved is proportional to the area of the sur 
face exposed by the solid, and the amount of heat developed per 
square centimeter is approximately 0.00105 calorie when the tem 
perature is near 7 C." And for a range of 17, from 7 C. to 24.3 C., 
this heat evolution increases 0.0000035 calorie per square centi 
meter of surface for each degree increase in temperature. It has 
been suggested that this law of Parks s maybe used to ascertain the 

Phys. Rev., 13,48(1901). 
b Phil. Mag. (6), 5, 521 (1903). 
cPhil. Mag. (6), 4, 247 (1902). 
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area of a powder or a soil jxr gram by determining experimentally 
the heat evolved when the powder is placed in water and dividing this 
quantity of heat by the calories which 1 square centimeter of surface 
liberates when wetted. But here again we meet the same difficulty 
which confronted Kayser a in his attempt to determine the area of 
the surface presented by the grains of powder by measuring tlie 
quantity of water adsorbed by the powder and then dividing this 
weight of water by the number of grams of water adsorbed upon a 
surface of standard material. lie failed to find a standard mate 
rial. Each surface tried showed a different degree of ao^sorption. 
The researches quoted above show that each soil const itutent has 
its own heat effect when moistened; consequently, an attempt to 
measure the area of a soil in this manner is not promising. 

In Linebarger s experiments 6 the heat evolved compared to the 
surface of silica exposed is greater than that shown by Parks. But 
in considering this apparent clash of results one must l&gt;ear in mind 
that Linebarger has measured the heat effect of the same solid in 
different liquids and finds the ratio of the different heat effects for 
coarse and fine powder the same in different solvents. This is very 
strong evidence, indeed, that the heat evolved is proportional to the 
surface. The error involved in calculating the effective area of a 
powder is enormous. Parks s values involve the area as calculated 
from microscopic measurement of the granules. Linebarger s ratio 
is absolute, since he takes merely average samples of each grade of 
powder, without attempting to evaluate the area, and uses these two 
samples with each liquid. 

a Wied. Ann., 24, 450 (1885). 
bPhys. Rev., IS, 48 (1901); see also: 

Cantoni, Rend, del R. Istituto Lombardn, Class di Srienze Maternal irhe e 
Naturali, 8, 135(1866); 

Martini. Atti del R. Istituto Veneto, (7) H, 502 (1896); &lt;7&gt; 9, 727 (1897); (8) 
2, 615 (1900); 

Tail, Proc. Roy. Soe. Edinh., 11, 51 (1880-81); 11, 813 (1881-82); 

Marshall Smith and Omond, Ibid. 11, 626 (1881-82); 

Amagat. Compt. rend., 116, 946 (1893); 

Lussana, Nuovo Cimento (4) ii, 233 (1895); 

Lagergren, K6ngl. Vet. Akad. B. 24, AM. ii, SUtrkhnlm. (1899); 

Tate, Phil. Mag. (4) 20, 508 (1860); 

Melsens. Mem. Acad. Belg.. 28, (1873); Ann. ( him. Phys. (5), 8, t&gt;C2 (1874); 

&lt; liappuis. Wied. Ann., 19, 21 (1883); 

Wiedemann and Ludeking, Wied. Ann., 2o, 145 (1885); 

Gore, Phil. Mag., 87, 306 (1894^; Birm. Phil. Sor. Pror.. 9, part J, &lt;!h03|. 

Krmlini. Nuovo Cimento (4) 9, 110 (1899); 

Bellati, Atti del R. Istituto Veneto (8) 2, 931 (1900); 

Fitzgerald, Nature, 49, 293. 316 (1894); 

Weber. Pogg. Ann. 154. 367 (1875); 

Barm*. Phil. Mag. (6), 4, 24, 262 (1902); 

Magnus, Phil. Mag. (4), , 336 (1853). 
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HEAT EVOLVED BY SWELLING STARCH. 

.Ko lowald has studied quantitatively the energy changes of starch 
as it absorbs water. One specimen evolved 24.02 calories per grain 
of starch; another, 19.4 calories. He finds that the greatest available 
effect in the passage of heat into work which can be reached in the 
swelling of starch is 11.4 per cent of the total heat effect, which latter 
is 24.02 calories. This result is based upon measurements of volume 
change during swelling. The average pressure between the ultra- 
microscopic cells of starch is calculated as 2,137 atmospheres, while 
very near to a cell wall the pressure would be much greater. Com 
paring this value with those of Dupre (25,000 atmospheres) and 
Young (23,000 atmospheres) and Lagergren (6,000 atmospheres), it 
seems probable that in the swelling of starch the imbibition effect 
predominates over the absorption. 

COMPENSATING FACTORS THAT MASK THE ENERGY CHANGE IN 
ABSORPTION OF MATERIAL FROM SOLUTION. 

The foregoing citations contain only the heat changes consequent 
upon the wetting of powders and the absorption of vapors. No 
values for the energy change accompanying absorption from solution 
are available, although it is possible to make such measurements. 
This phenomenon is analogous to the general problem of the energy 
changes attendant upon the process of solution. In this case the 
determinations of the individual forces at work is difficult ; the actual 
heat and volume changes measured are the resultant of all the forces 
involved. Among these are the attraction of solvent and solute and 
the cohesion of the solute. Some idea of the cohesion of the solute 
may be obtained from its heat of vaporization. In like manner it is 
difficult to estimate the individual forces in the case of absorption 
from solutions, for there are the added factors of the attractions of 
the absorbent for both solvent and solute. At present the best indi 
cation of the magnitude of these forces is the chemical decomposition 
which they produce decompositions which, effected in other ways, 
require large quantities of energy. 

THE CONDITION OF THE ABSORBED SUBSTANCE. 
THEORIES PROPOSED. 

The earlier theories of absorption, and more especially of adsorp 
tion, were based either upon the assumption of a pressure at a surface 
layer of liquid higher than that in the free liquid or upon the theory 
of wetting of a solid by a liquid. 

Only at the saturation point is it possible to consider the effect of 
pressure upon the solubility. The case of absorption from unsatu- 

" Researches on the .Swelling of Starch," Lipsius and Fischer, Leipsig, I SOU. 
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rated solution must be considered as a distribution of the solute 
between layers of the liquid at different densities. This is analogous 
to the distribution of a solute between two different liquids or to the 
Soret effect, obtained when different portions of the solution are main 
tained at different temperatures, resulting in two solutions of different 
concentrations. The effect of pressures has been discussed by various 
authors." 

From the principle of I&gt;e Chatelier 6 it follows that if on solution 
contraction occurs there will be a positive adsorption, i. e., the 
surface layers will become more concentrated. 

.WAieory of absorption from solution has been based upon con 
siderations of the surface tension between solid and liquid/ which 
tension there is no direct method of determining experimentally. 
It has, however, been derived from the theory of wetting of a solid 
by a liquid, and is shown to 1x3 less than the surface tension l&gt;etween 
solid and gas. In cose the surface tension l&gt;etween solid and liquid 
is lowered by the addition of a substance soluble in the liquid, it 
follows that there will l&gt;e adsorption of the substance on the surface 
of the solid, for the potential surface energy will tend to become 
lower by further concentration at the bounding surface. 

PHYSICAL ABSORPTION. 

Without entering deeply into the distinction between chemical 
and physical change, we may for practical purposes define a phys 
ical change as one in which the altered substance retains sufficient 
of its former characteristics to be recognizable as the same material 
present before the change took place. 

On the basis of this definition we may classify a number of absor|&gt;- 
tion reactions as physical changes, in that the dissolved substance 
as a whole is concentrated in the layer of liquid close to the absorl&gt;- 
ing solid, and in some coses even deposited upon its surface in a 
condition nearly or quite solid. A good example of this is the 
adsorption of the organic dye gentian violet (gentianin) by quartz 
powder. Here the dye is retained in a thick layer upon the grains 
of quartz while the solution bathing the quartz is a thousand to 
ten thousand parts per million below its saturation point for this 

" Thomson. Applications of Dynamics to Physics and Chi inlstry. p. 237-240; 
Freundlich, Z-it. phys. Chein., 57,422 (1906); JMH? also Lagergrt-n, Bihang t. k. Sv. 
V-t. Akad. Hamll.. 24, 2, No. 4 and 5 (1899); Park*, Phil. Mag (6) 4, 240 (1902); (6) 
.-, 517 (1903). 

b See Bancroft. Plume Rule, p. 4 (1897). 

&lt; For references, see Freundlich. Zeit. phys. ( hem., 57, 421 (1906). 

&lt;* Thomson. Applications of Dynamics to Physics and Chemistry. 1888. p. 91; 
Freundlich Zeit. phys. Them.. 57, 386 (190(&gt;&gt;; Ostwald, lx&gt;hrlmch der \lL-.-m. in.- 
Chemie, (1891), p. 10%; Frank K. Cameron and James M. Bell, Bui. No. 30, Bureau 
of Soils, U. S. Dept. Agr. 1905. 
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dye. Under the microscope the dye upon the quartz grains shows 
its characteristic colors for reflected and transmitted light, and 
when the dyed powder is subjected to percolation with distilled 
water the dye is gradually removed and recovered intact. a 

In some cases the adsorbed material is retained in solution in the 
layer of liquid close to the surface of the solid. This is very well 
shown for alkaline carbonate solution with soil. The fine clay par 
ticles when suspended in the solution produce no appreciable lower 
ing of the electrical conductivity, but when they are removed by 
centrifiugal action or by settling the quantity of adsorbed material 
which they carry down with them is sufficient to reduce the con 
ductivity of the supernatant liquid to a marked degree. 6 And 
since these carbonates, or any chemical compounds they might form, 
have a low conductivity as solids it follows that they are present 
in solution at the surface of the soil particles and contribute to the 
conductivity of the main body of liquid in which the soil is suspended. 
Should the clay contain hydrated silica, alumina, or ferric oxide in 
an amorphous condition, part of the solution will be imbibed by 
them and removed w r hen the suspension is cleared by settling; but 
in this case, too, the fact that the absorbed material contributes 
to the electrical conductivity shows that it is still in solution. 

ABSORPTION BY CHEMICAL FIXATION. 

In addition to these three types of physical absorption, we may 
have chemical fixation of dissolved bodies at the surface of a solid. 
The solute may be removed from solution as a whole and added to 
the solid absorbent to form a compound. Thus metallic silver will 
absorb chlorine from solution forming silver chloride. The absorb 
ing solid, too, may lose some constituent at the same time that it 
absorbs the solute. Solid calcium hydroxide absorbs carbon dioxide 
from solution and loses water. Much more complicated replacement 
reactions between soil constituents and soil solution take place, as 
set forth at length in a previous bulletin. 6 

Since many cases of absorption are known in which both physical 
and chemical changes occur, the above classification, although con 
venient, should not be rigidly applied. Indeed, all gradations of 
union are possible, from purely physical surface adhesion which still 
depends upon the composition of the bodies involved to purely 
chemical combinations. One important intermediate step may be 
solution, either liquid or solid. 



a Trans. Am. Electrochem. Soc., 10, 67 (1906). 

6 Electrochom. and Met. Ind. 5, 257 (1907). 

cBul. No. 30, Bureau of Soils, U. S. Dcpt. Agr., 1905. 
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CALCULATION OF THE PROBABLE THICKNESS OF ADSORBED 
MATERIAL. 

A series of calculations for several soils is presented in Table X. 
The concentration of gentian violet dye solution at the surface of 
soil grains is estimated from the quantity of hygroscopic water and 
from the quantity of dye absorbed by the soil. This involves the 
assumption that the hygroscopic water determined by allowing 
dried soil (110 C 1 .) to take up moisture from a saturated atmosphere 
is the same in quantity as the moisture retained upon the soil grains 
when the soil is in a saturated condition." The results not only 
show the magnitude of the surface concentration, but also are of 
value in studying the physical condition of soils. 

TABLE X. Relation of gentian violet dye absorbed to area of soil and to hygroscopic 

a uli r. 



Soil. 


Dye ab 
sorbed per 
100 grams 
soil. 


water per 
100 grams 
soil. 


Dye in 
(olutlon 

on soil 
grains. 


Volume of 
olutlon 

rrt.iirn-.i 
by 100 
grams of 
soil. 


Area of 

soil per 
gram. 




&lt;, 
0.3 


Grams. 
4.0 


Prr cent. 
7.0 


C.c. 


S&lt;/. rm. 
&gt; 320 


Marshall .silt loam 


.485 

,,,, 

1.50 
1 909 


4.0 
4.0 
4.0 
4.0 


10.8 
20.0 
27.3 
33 3 


47 

50 




. 


. l"7 
2.991 
3.119 
3.70 
.0 
.20 
.4 
.5 


4.0 
4.0 
4.0 
4.0 
4.5 
4.5 
4.5 
4.5 


38.4 
42.8 
43.8 
48.1 

"" 4.3 
8.2 
10 


" r,i " 
H 
54 
55 


2.270 


Uiigerstown loam . ... 




4.5 


18. 1 


57 






: . . 

1.981 
2.045 
2.025 


4.5 
4.5 
4.5 
4.5 


25.0 
30.fi 
31.3 
31.0 


50 






.000 


| 




3ft. 5 


1 260 


Quartz flour 


.019 
.038 

.... 
.190 
.2B5 

&gt;" 


.8 


2.32 
4.53 
8.58 
10.90 
19.20 
25.0 
2U.52 


36 
38 
48 
50 
&lt;(. 
40 
37 






.295 
- 
.293 




26.93 
27.03 
26. SO 


34 
30 
29 

















Gentian violet is not very soluble in water, a 2 per cent solution 
being viscous and 0.81 per cent its solubility at 25 C. ; yet the calcu- 
ated per cent of dye in solution on the soil grains is 4H.1 for Marshall 
ult loam, 31 for Hagerstown loam, and 27 for quartz flour. Although 
he hygroscopic moisture held by the quartz is less than one-fifth 
&gt;f that of the Ilagerstown loam, the percent ;iL r f- :in- in very close 
agreement. The percentage of dye held in solution is actually 

. IM.il. M;ILV ; . 1,621 (1903). 
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higher than these values given, since the dye absorbed is in or on the 
soil grains, while part of the hygroscopic water should be reckoned as 
capillary water and is the same in concentration as the supernatant 
solution from which the dyed soil grains have settled out. 

Since the calculation just made gives such high values for the con 
centration of dye upon the soil grains, it may even be that the dye 
is not in solution in the surface layer, but has separated upon the 
grains as a solid. The work of Rohde a is in line with this. He 
states that the aqueous solutions of fuchsine and methyl violet form 
at their surfaces solid layers which through their metallic luster are 
unmistakably evident to the eye. The surface of the liquid becomes 
first more concentrated, then viscous, and finally stiff and solid, so 
that in the condition of equilibrium the solution is covered with a 
skin of solid dyestuff . b 

Rohde says, again, that the solid surface layer is the thicker and 
forms the faster the more concentrated the solution. According to 
his calculations the thickness of the layer (of solid dye) is always of a 
lower order of magnitude than the radius of the sphere of action. 
The present calculation, however, shows that the layer of dye on the 
grains of quartz flour, Marshall silt loam, and Ilagerstown loam is 
many fold that of the calculated molecular dimensions. This is also 
true for the absorbed layer of eosin and for manure extract, and 
aside from these calculations microscopic examination shows a very 
appreciable layer of dye on the grains. 

EFFECT OF ABSORPTION UPON THE PHYSICAL CONDITION OF 

THE SOIL. 

RELATION OF ABSORPTION TO THE FORMATION OF AGGREGATES. 

The absorption of nutrient salts by the soil not only maintains a 
proper soil solution, but also exercises a marked influence upon the 
size of the soil aggregates. This soil structure in turn governs the 
water-holding power, the porosity, and consequently the aeration of 
the soil; and these factors are of the utmost importance to the 
bacterial life in the soil, as well as to the changes in the organic and 
mineral constituents. The effect of absorption upon the soil solution 
has been discussed in several preceding chapters. 

"Ann. Phys., 19, 935 (1906); see also the references given in the preceding sections. 

b "Es spricht nichts gegen die Annahme, dass die molekularen Krafte, welche die 
Ausscheidung des festen Farbstoffs bewirken, dieselben sind, wie bei der Ober- 
flachenspannung der Fliissigkeiten tatigen. Es Wiirden namlich die grossen zwischen 
zwei \Vassermolekiilnwirkenden Krafte, welche auch die grosse Oberflachenspannung 
des Wassers zur Folge haben, es bewirken miissen, dass die an der Oberflache der 
Farbstoffslosungen befindlichen Farbstoffmolekiile, mit frosserer Kraft in das innere 
der Losung gezogen werden, als die dort befindlichen Farbstoffmolekule, was die 
bobachtete Anreicherung der Oberflache an Farbstoff xur unmittelbaren Folge ergibt." 
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Tllt&gt; present chapter h;i&gt; to &lt;! \\itli the change.-, in the physical 
structure of the .soil attendant upon the addition of \ariou&gt; &gt;&lt;ilul&gt;l&lt;. 
substances, such us fertili/ers and correctives and salt water from 
inundations. When a salt is absorbed by a soil in suspension, there 
may occur either the formation of larger aggregates or else t In- 
breaking up of aggregates already present. Larger aggregate* settle 
more readily and occupy a larger volume, while the smaller aggre 
gates or single grains settle much more slowly and into a compact bed. 

I he direct relationship between the absorption cf soluble material 
by percolates in suspension and their settling has been shown by 
Linder and Picton." as well as by Whitney and Ober. 6 Colloids 
which settle from suspension in neutral solution carry down small 
quantities of metallic hydroxides. 

Several hypotheses have been advanced to account for the forma 
tion and breaking up of aggregates. 

Many of the agents which produce flocculation have been found to 
be more or less hydrolyzed in aqueous solution, ami the flocculating 
power has been attributed to this hydrolysis. Freundlich r , however, 
has found that the flocculating power of barium salts, which are 
scarcely hydrolyzed, is almost equivalent to that of beryllium salts 
and u rany 1 nitrate, both of which are strongly hydroly/ed, and as all 
of these salts have bivalent cations this can not be attributed satis 
factorily to the difference in valence. 

Another theory growing out of their work attributes the precipita 
tion of suspended particles to the ions of the salt in solution. The 
mechanism of this precipitation is such as to constitute the neutrali 
zation of the charge of electricity upon the suspended particles by 
the ions carrying the opposite charge. On the basis of their experi 
ment, in which they used electrolytes and nonelcetrolvtes, it has 
been claimed by Barus, rf Hodliinder, Freundlich, and Whitney and 
Ober^ that the power to flocculate colloids is possessed exclusively 
by electrolytes.* 

The flocculation of colloids by electrolytes has been in\ est i^ated 
by Schul/e, Hardy, an d niany others, and there has been a tend 
ency to correlate the flocculating power of an ion with its valence. 

hul/e found that the power of salts of univalent, bivalent, and 

a Jour. Chera. Soc., 67, 63 (1895). 

* Jour. Am. Them. Soc., 28, 842 ( 1901 1; Zt-it. phys. Clu-in.. :{:{. 

c Zeit. phys. ( hem., 44, 129 (1903). 

d Am. Jour. Sci., 87, 122 (1889). 

Nach. K. Ges. Wis.- . C.niiin. _;:. 

/Zvit. phys. Chcin II. 

yJour. Am. Oirin _ :;. - ; Zeil phys. Chem., tt, 386 I .MII . 

* Compare, Khlenberg,Joar. Phym. Chem. ,] I MU 10. 

Jour, prakt. &lt;! Itt, Lift, 

;&lt;;. ill I M*. . /. pi,j&gt;. &lt; h. iu :{:{. 386 I .MII 

, : I .nll. rc -US G 
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trivalent metals to flocculate colloids was in the proportion of 1 to oO 
to 1,650. This in turn has been ascribed by Bredig" and Spring to 
the hydrolysis of the salt, the degree or winch increases very rapidly 
as the valence of the cation increases. 

Colloid suspensions have been divided into two classes: Those which 
migrate toward the cathode under electrical stress and those which 
migrate toward the anode. The colloids which migrate toward the 
anode are said to be precipitated by anions, and vice versa. This 
migration of the colloids resembles the behavior of an electrolyte, 
and the theory has been advanced that colloids in solution are in 
reality large aggregations with small electrical charges/ which are 
counterbalanced by the presence of ions carrying the opposite charge. 
Thus there would be an equilibrium between the two, and a disturb 
ance of the equilibrium by tbe addition of a salt to the solution tends 
to precipitate the colloid. Further, both classes of colloidal sus 
pensions have the peculiarity that any one is precipitated from the 
solution when added to a suspension of one of the other classes, the 
precipitate being of course a mixture of the two. rf 

Ililgard c has shown that increase of temperature decreases floc- 
culation; alcohol and ether decrease flocculation, as do also alkalies, 
while neutral salts, acid, and lime promote flocculation. Whitney^ 
has also given considerable attention to flocculation, especially its 
effect upon the adaptation of special crops to soils. At his sug 
gestion Bliss o made a study of the precipitation of suspensions and 
found that sodium chloride and hydrochloric acid induced floccu 
lation, while potash and ammonia inhibited it, and also that the 
concentration of the solution is a determining factor. Bodlander h 
has given the concentration of typical acids, bases, and salts re 
quired to precipitate kaolin suspended in water. Sachsse and 
Becker * have determined the percentage of several salts precipi 
tated from suspension by lime water. 

Anorganische Fermente, 1901, p. 15. 

b Bui. Acad. Roy. Belg., 1900, 483. 

c Duclaux, (Compt. rend., 140, 1544(1905)) considers the granules of a colloidal 
solution as of such magnitude that they may be regarded as conductors of electricity. 

d Linder and Picton, Jour. Chem. Soc., 07, 63 (1895); Freundlich, Zeit. phvs. 
Chem., 44, 129 (1903); des Bancels, Compt. rend., 140, 1647 (1905). 

eForsch. Geb. Agr. Phys., 2,441 (1879); also Silliman s Jour., 17, March. 187!); 
ibid. 0, Oct. and Nov., 1873: See also S. W. Johnson. Kept. Conn. State Board Agr., 
1877-1878, Hartford, 1878, The reasons for Tillage. 

/Bui. No. 5, Division of Agricultural soils, U. S. Dept. Agr.. I89(i. p. 9; Fourth 
Annual Report, Maryland Exp. Sta., 1891. p. 258; Bui. No. 1. \\eallier I .ureau. 
V. S. Dept. Agr. (1892), p. 80; See also Wiley. Principles and Practices of Agricultural 
Analysis I, 1894, p. 171. 

9 Phys. Rev., 2, 241 (1895). 

h Neues Jahrb. f. Mineral. II, p. 147, 1893; abstr.. Korsch. del). Agr. Phys.. 18, 
76 (1895). 

i Landw. Vers.-Stat., 45,137 (1894;; abstr.. Forsrh. (iel,. Agr. Phys.. IS, 78 (1895;. 
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Matthew^" ha- -iiL L:* -!* 1 *! that the precipitation of ((Moid- \&gt;\ 
electrolytes is brought :il&gt;&lt;&gt;ut by an alteration in the surface 
of the colloid. The suspending power of the solvent has been cor 
related with its dielectric constant. Buckingham, 6 however, has 
shown experimentally that this suspending power, while parallel 
with the dielectric constant, shows variations of a totally different 
order of magnitude. Many cases are known in which the floceula- 
tion and suspension of particles, bacteria, etc., alternate as the con 
centration of the solute is increased/ This recurrence of floeeula- 
tion and suspension d puts in doubt the hypothesis that suspended 
particles settle because their charges are neutralized by the ions 
about them. Buxton and Shaffer e have suggested that this pre 
cipitation may be analogous to the phenomenon of salting out," 
in which a new distribution of the components between solid and 
liquid phases in the colloidal suspension takes place. In other 
papers Teague and Buxton f have investigated the migration of sus 
pended particles under the influence of electrical stress and found that 
the direction in which the suspension migrates depends upon the con 
centration of the electrolyte, and, indeed, alternates as the suspension 
or flocculation alternates. They suggest the possibility that this 
alternation may be due to a decrease in the absorptive power of the 
suspended particles in more concentrated solutions. 

Ililgard has given considerable attention to the subject of sedi 
mentation, especially in his method for the mechanical analysis of 
-soils. He has also studied the effect of different salts, alkalies, and 
icids upon the physical structure of the soil, recognizing the effect 
&gt;f these agents upon sedimentation. His latest statement concern 
ing the formation of .soil crumbs is of interest: "When land is 
slowed in the proper moisture condition, the crumbs or floccules are 
icld together by the surface tension of the capillary films (menisci) 
\i water at the points of contact. In the case of sands, the crumbs 
vill collapse into single grains whenever the water films evaporate, 
unless some cementing substance was dissolved or suspended in the 
vater. Lime carbonate is one of the substances most commonly 
loimd permanently cementing the floccules; hence the ready tillage 
&gt;f most calcareous soils, and especially the loose texture of the 
loess of the western United States and of Kurojx and Asia In 
heso deposits we find sandy and silt aggregates or coin -n-t i&lt;m&gt; raii&lt;_ r - 

" Am. Jour. Physiol.. H, 203 (1905). 

6 Trans. Am. Elec.-Chem. Soc., {), L I.I 

c Beckhold, Zeit. phys. Them v 

&lt;* With regard to the pn&gt;t&lt; &lt; MULT a&lt;-ti&lt;&gt;n -if iT -laiim- ami ith-r &gt;ul&gt;Maii&lt;-&lt; s UJ&gt;.&gt;M the 

illoidal suspensions, referem &lt; may ! ma&lt;li- t Hn-ilii;. Aimnraiii* -In- I-Vrmi-nti- 

901). 

Zeit. i-liy.- i -I,,.,,, :,:. t: i I 

/ Ibid. ,."&gt;7. ill. 7ii I!MH;. : o. ii . i iv l &gt;. &lt;;_ . 
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ing from 10 or more inches in length (loess puppets) to microscopic 
size, held together by lime carbonate, but collapsing into silt and 
sand when the material is treated with acid so as to dissolve the 
cement. The rough surface of these aggregates, gripping into cadi 
other, explains the stability of the steep loess cliffs in the United 
States, as well as in northeastern China, as observed by Von llichl- 
ofen and Pumpelly." a 

Mayer, 6 starting from the well-known settling of muddy water 
by addition of common salt, divides the salt solutions into two 
classes: (1) those which behave like distilled water, allowing the 
soil particles to settle regularly according to their diameters and 
specific gravities; (2) those solutions in which the precipitate forms 
a mass of cohering floes, the neighboring particles showing a ten 
dency to hold together. He places hydrochloric acid, nitric acid, 
sulphuric acid, their salts, fixed alkalies (NaOH, KOII, LiOlI), and 
ammonia in the first class. Alkali sulphates have only a slight ten 
dency to promote sedimentation. Lime water precipitates the sus 
pension of soil even better than fixed alkalies, while powdered cal 
cium carbonate mixed with the soil before stirring with water has 
no effect upon the rate of settling. 

Mayer also showed that sedimentation is not perceptibly affected 
until the concentration of solution added reaches a fairh r definite 
per cent. The percentages at which precipitation just takes pi; 
are for the following solutes: Soap, 2.5; ammonia, 2.5; neutral 
dium phosphate, 2.0; phosphoric acid, 0.8; potassium hydroxide 
0.50; sodium sulphate, 0.4; calcium hydroxide, 0.08; sulphuric ack 
0.025. The soil used was a fine clay from Iowa washed free of a 
bonates by hydrochloric acid. He showed that a soil subjected 
percolation by distilled water at constant pressure allows the liquic 
to pass through at a constantly decreasing rate. This decrease 
produced by packing and by clay particles lodging in the minute 
channels. When a salt solution belonging to his second class i. 
one capable of precipitating the soil from suspension in water- 
passed through a soil already washed and well packed down by pei 
lation, an increase in the rate of flow is observed. He confirmed tl 
phenomenon for sodium chloride and calcium hydroxide and, fi 
thermore, showed that on washing out by percolation the salt at 
sorbed by the soil during its contact with salt solution the rate of fl( 
was very greatlv reduced. This phenomenon has been fully 
firmed in this laboratory c for potassium carbonate solutions passii 
through Galveston clay, Marshall silt loam, Hagerstown loam, and 

Hilgard, Soils, p. 110 (1906). 
b Forsch. Geb. Agr. Phys., 2, 251 (1879). 

cSeepage94; also Cameron and Patten, Jour. Am. Cliein. Soc., 2S, 1645 (1906); 
also Hissink, ( hem. Weekblad, 4. 663 (1907). 
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Norfolk sand. As a practical application of this sedimentation offer t 
produced by salts, Mayer suggests first that lands flooded by sea 
water may suffer a deterioration in their physical condition on being 
again drained. This close packing of the soil would IM&gt; likely to ap 
pear in the second year after flooding rather than in the first. Ih i 
thinks, too, that the packing of the soil and consequent reduction of 
air space and ventilation facilitates the reduction of iron sulphate to 
hydrogen sulphide, or its analogues, especially in alkali soils. As 
land flooded by sea water, and thus put into dense condition, was not 
improved by use of lime, he suggests as a last resort that the land l&gt;e 
left fallow, subject to free/ing and thawing and to the action of turned- 
under green manure, such as natural plant growth. lie points out 
most strongly the injury to the mechanical structure of a soil rich in 
clay produced by repeated fertilizing with potassium nitrate. A soil 
forced in this manner at first gives fine crops, then shows a sudden 
droj), which can not be corrected by simple addition of all the standard 
fertilizers. The soil is ruined mechanically for a long time. One of 
the reasons for this is that the nitrates, like the chlorides, are com 
paratively easily washed from the soil, and the salt being removed 
the soil grains pack down in a single-grain condition very hard to 

)vercome. Swaving" likewise found that soils flooded by sea water 
\\rre greatly injured in their physical condition, although not enough 
salt was absorbed to injure plants. 

Fickendey states that the precipitation of a suspension of a natural 
day soil requires a much higher concentration of alkalies than is 
necessary to flocculate a kaolin suspension. He explains this as 
due to the protective action exercised upon the soil particles by the 
luimic acids which go into the solution when the soil is treated with 
alkalies and alkali carbonates. Artificial humic acids can likewise 
restrain precipitation, though less strongly than the humus products 

&gt;f the soil. Tannin also prevents sedimentation, while starch has no 
perceptible effect. Pure gelatine without addition of electrolyte 
exerts a precipitating effect upon kaolin suspensions, which increases 
with the gelatine concentration up to a maximum and then drops 

onsiderably. Addition of alkalies to the gelatine solution displaces 
this maximum speed of settling toward the side of low gelatine con- 
rent rat ion; but in acid solution this maximum appears nearer the 

vgion of concentrated gelatine solutions and is sharply defined. 
These observations are taken as giving new light upon the manurial 

flieiency of lime, in that it precipitates the humic acids of the soil, 

bus removing substances which tend to maintain the soil in a single 
:;rain condition, and enables the soil grains to flocculate ami 
open physical condition. 
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EFFECT OF ABSORPTION UPON WATER-HOLDING POWER OF SOILS. 

Van Bemmelen a and others have set forth the relation between 
the absorptive power of a finely divided solid and the quantity of 
water retained by the individual particles within their own bodies. 
But in addition to this imbibition effect, soluble material held in con 
centrated form upon the surface of powder grains materially alters 
the quantity of solution which this powder can retain in the space 
between grains after settling from suspension in the given solution. 

Wollny 6 has shown that from every standpoint the single grain 
soil is inferior to a flocculated soil as regards its moisture content 
and conservation, as well as in respect to aeration. 

Ulreich c gives data on the influence of various hydroxides, car 
bonates, phosphates, sulphates, nitrates, and chlorides upon the water 
content of soils. He concludes from his data that the different 
hydroxides and salts, in a considerable degree, but in different direc 
tion, exercise an influence upon the water-retaining power of the soil. 
According to their action they may be brought into three groups, of 
which the first comprises those compounds which produce a lowering 
of the water capacity of the soil, i. e., hydroxides and carbonates of the 
alkalies as well as phosphates. A second group includes those salts 
which appear to be almost without influence upon the retention of 
water; these are the sulphates. In a third class are the compounds 
such as nitrates, chlorides, and calcium hydroxide, which increase 
the water capacity of the soil. He also compares the effect of Knop s 
nutrient solution d with that of lime and obtains similar results with 
all the soils tried. The Knop solution increased the water capacity 
of the soil, as would be expected from the preponderance of nitrates 
and chlorides. This effect is greater as the concentration of the solu 
tion increases, so far as his experimental data go, save in the case of 
gypsum, where the soil held the same volume of solution at 0.1 per 
cent CaSO 4 as at 0.5 per cent, and showed a very slight decrease -in 
water content when a 1 per cent solution was used. 

The interdependence of absorption, flocculation, and physical con 
dition of soils is shown in a series of preliminary experiments carried 
out by Mr. J. O. Belz. The quantity of solute retained in the soil 
spaces after settling from a given solution was determined by meas 
uring the height of the soil surface. Since the true volume of the 
soil grains is a constant, the volume of water held in the capillary 
spaces may be calculated from this height. Susquehanna clay 
appears to retain a maximum volume of liquid in potassium hydrox- 

aZeit. anorg. Chem., 23, 112 (1900). 

*&gt;Forsch. Geb. Agr. Phys., 16, 406 (1893); 18, 63 (1895); Puohnor, Ibid., 19, 1 
(1896). 

Ibid., 19,52(1896). 

dThis solution contains KH 2 PO 4 , MgSO 4 , KNO 3 , NH 4 C1, in equal parts by weight, 
with 4 parts Ca(NO 3 ) 2 . 
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ide solution when the concentration is m-nr li.Hl X. I lii- -aine -&lt;&gt;il 
retaix&B more of 0.1 N ammonia Dilution than of other concentrationfl 

used. In both these cases the definite location of the concent nit ion 
giving maximum open structure remains to l&gt;e determined, but it- 
existence &gt;s assured. \Vith sulphuric acid the volume of solution in 
the pore space- i- Beater ;i- the i . uiccntrat ion of acid in solution 
increases up to o.l \. i he strongest solution used. Susquehanni 
clay and quart/ Hour retain less of distilled water in their capillary 
spaces than of solution, \\hile Hagerstown loam holds more of di&gt;- 
tilled water which, of course, becomes a soil solution proper to 
that soil than of dye solution; yet this &gt;oil. too, shows a maximum 
after the first quantities of dye have been absorbed. Calcium nit rale 
solution (200 c. c.) was shaken up with 25 prams of Sharkey clay 
and allowed to settle three days before taking the reading. The 
clay retained a greater volume of the 0.01 N solution than of the 
other solutions higher and lower in concentration. 

Table XI gives the results of a number ot experiments also carried 
out by Mr. Bel/. The solutions used were (). &gt; and D.I normal, except 
lime, where the concentration was calculated on a basis of pounds 
per acre. Fifty grams of Susquehanna clay were shaken up with 
150 c. c. of solution and allowed seven days in \\hich to come to 
equilibrium. The results show that the solute used, and in particu 
lar its conceiitr.it ion in the soil and in the solution, determines the 
volume of solution \\hich the soil can retain in its eapillan pi 
It is to be remembered that the original concentrations given in 
Table XI have changed, since in each case the soil has attracted a 
goodly quant it \ of solute from the solution. 

TABL.K XI.-- Voltnm nf xiilution niniitfd by Sum/in lunnm ilm/ &lt;ni sittlin i / 
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Increase in lime increases the volume of solution in the soil, and 
the same is true for sodium, potassium, and ammonium nitrates, 
sulphuric acid, and sodium sulphate; but the other salts studied show 
the reverse, the volume of solution retained by the soil being greater 
for lower concentrations. This apparent lack of agreement of the 
effect of various solutes is due to the fact that each solution has its 
own particular concentration for which, the soil in contact with it will 
assume a maximum open structure. 

The following experiments were undertaken to establish a relation 
ship between the quantity of substance absorbed by the particles and 
the volume of solution which they can retain in the spaces between 
particles when the aggregate of grains is allowed to settle out of solu 
tion and pack down. Consequently in addition to determining the 
concentration of the solution remaining above the quartz flour, as 
shown in Table IV, its volume was measured; that is, the volume 

of liquid which could be 
drained off from the quartz 
after the bottles containing 
the system had been cen- 
trifuged at high speed for. 
about ten hours and then 
allowed to stand some six 
weeks upon the shelf. As 
the quartz had- settled into 
a compact mass in every 
bottle, the volume of liquid 
remaining above the quartz 
could be poured off cleanly 
and measured to within less 
than 0.3 c. c. The water added to each sample of quartz may be 
considered to be in three conditions absorbed water, that held in 
the capillary spaces, and free water. The free water was directly 
determined, and the absorbed water has been determined for the 
same samples of quartz;" consequently the water held in the capillary 
spaces may be estimated by difference. 

Table XII shows the volume of solution retained in the capillary 
spaces of 100 grams of quartz flour for different quantities of gentian 
violet dye absorbed by the quartz grains. 6 The corresponding con 
centration of each dye solution used has been given above in Table 
IV. The curve given in figure 2 is plotted from Table XII, using the 
grams of dye absorbed by 100 grams of quartz flour as abscissas and 
the volume of solution retained by the quartz in the capillary spaces 
as ordinates. The maximum of liquid is held by the quartz between 



Grams dye absorbed by 100 grams Quartz 



03 



FIG. 2. Curve showing the relation of the quantity of 
gentian violet dye absorbed by quartz flour to the volume 
of solution retained by the quartz after settling. 



"Patten and Gallagher, Bui. No. 51, Bureau of Soils, U. S. Dept. Agr., 1907. 
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its particle-, \\ln-n nlxmi &lt;&gt;nc-t liinl &lt;&gt;f tin- dye which can !&gt;&lt; taken up 
by the grains 1ms IK-CM a&lt;U)i-lx-d. 

TABLK XII. lo/i/im 1 ;/" xnlntinn in tin &lt;;{/, Hlary spares of quartz flour when rarioit* 
quantities of gentian riolet hni f been absorbed. 



Dye 


Volume of 
solution 


Dye 


Volume of 


Dye 


. 


by 100 rvtam -.t |. v 
prams of H 


gramx of 


n-tain&lt;-&lt;l liv 
100 grams 


by 100 
Krams of 




till i|ll;trt / 

flour. flour. 


til.- &lt;|ll.irl/ 

flour. 


qparti 

flour. 


ttl&lt;- i|iiart7. 

flour. 


r.m 


dram. 


Gram. 




dram C c 


8.000 


36.5 


0.09H4 




0. -N5 34 


.017 


M 


.1001 


M 


.297 30 


.on 





.2i6 


40 


.293 ! 29 | 


.074 


48 


.989 


37 


.290 ; | 



Similar measuroinonts, usin^ Htgeratown loam soil, are given in 
Tablo XIII. The maximum pore space for this soil evidently is 
attained with no dye present, and as the quantity of dye absorbed by 
the soil grains increases the soil settles together and retains less and 
less liquid, then expands again as it takes on more dye, till when 1 
gram of dye is absorbed by 100 grams of soil, 57 c.c. of solution remains 
in the pore spaces. Further increase in the dye absorbed decreases 
the volume of solution in the capillary spaces. With 2 grains of dye 
to 100 grains of soil 45 c.c. of solution is held. This is 26.2 per cent 
less capillary liquid than the undyed soil retained, and 21 per cent less 
than is held by the soil containing 1 gram absorbed dye per 100 grams 
of soil. Marshall silt loam also shows this same volume effect, as 
indicated by the data in Table XIV. 

TABLK XIII. Volunif of solution in thf capillary spares of Ifagenttown loam when 
ranous qiiantilu-s of gentian n &gt;ltt hare been absorbed. 



Dye 

l,v 1&lt; 


Volume of 

solution 
n-iaiin-.l t,\- 
100 grams 

L 


Dye 

I.V HKI 

grains soil, 


Volmi f 

MlllltlOM 













C. c. 


(f niriM, 


C.C. 


0.0 


11 


1.0 




.20 


56 ; 


50 


. *) 
. Ml 


54 1.98 
55 II 


45 



TABI.K XIV. \ nliilin l snlutii-; .&lt;}inll aill IIMIIII H hi H 

various if I, i 





Voluin. of 

solution 




Vol.JHI.-of 
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ABSORPTION BY SOILS. 



TABLE XV. Volume of solution in the capillary spaces of quartz when various quantitie 
of cosine have been absorbed. 



Eosine ab 
sorbed by 
100 grams 
quartz. 


Volume of 
solution 
retained 
by 100 
grains. 


Eosine ab 
sorbed by 
100 grams 
quartz. 


Volume of 
solution 
retained 
by 100 
grams. 


Gram. C. c. 


Gram. 


C. c. 


0.00000 


42 


0.0348 


29 


.00135 


30 .42 


29 



The effect of eosine dye upon the volume of solution which quartz 
flour can retain in its capillary space serves to further correlate floccu- 
lation and absorption with the physical condition of a soil. Consid 
ering the data given in Table XV, we see that the absorption of 
0.00135 per cent of the dye reduces the volume of liquid retained from 
42 c. c. to 30 c. c. and that further absorption of dye has very 
little effect upon the volume of liquid in the pore spaces. Turning 
back to Table XII and figure 2, it appears that this volume, 30 c. c., 
is the same as the lowest volume of liquid held by 100 grams of quartz 
flour when its absorption capacity for gentian violet is reached. 
These suspensions of quartz flour in eosine solution were allowed to 
settle for over five weeks, and when the supernatant liquid was 
poured off in each case quartz particles were still suspended in the 
liquid, although the bottles had been subjected to rapid centrifugal 
treatment for two days at the beginning of this period. The volume 
of quartz flour not yet settled from the eosine solutions was insuf 
ficient to affect the accuracy of the measurements on the volume of 
solution retained by the compact mass of quartz at the bottom of 
each bottle. It shows, however, that the eosine dye had defloccu-. 
lated the quartz particles and that the smallness of the volume of 
solution, 30 c. c., retained by the settled quartz flour is in all likelihood 
due to the fact that these particles settled from suspension as single 
grains or in small aggregates, i. e., deflocculated. The quartz suspen 
sions in gentian violet solution were very noticeably flocculated, save 
for the high concentrations, where long-continued centrifuging was 
necessary to clear the solution of suspended quartz particles. And 
reference to figure 2 will show that the volumes of dye solution 
retained by quartz are parallel to the condition of the system as 
regards flocculation, the small volume, 30 c. c., being held by quartz 
when the concentration of the solution in gentian violet dye is high. 

It is evident, then, that the quantity of soluble material absorbed 
by a soil has a marked influence upon the arrangement of the soil 
grains into aggregates. Different salts have widely different effects 
upon the soil structure, and the particular strength of soil solution 
for which the formation of soil aggregates is a maximum is not the 
same for each salt. Consequently where mixed solutions, such as 
those which exist in soils under field conditions, are used it will 
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require a vast deal &gt;f experimental work before a prediction can l&gt;e 
made as to the exact effect of ;i particular solution upon the p)iv&gt;ical 
condition of a soil. 

Nevertheless the above treatment of the effect of absorbed mate 
rial upon the physical condition gives a good understanding of the 
agencies at work in the formation of soil structures. And when 
this point of view is coupled with definite data, such as that in 
Tables XI to XV, the probable effect of a fertilizer or corrective 
upon the physical condition of a soil may be given, as well as its 
addition of mineral plant nutrients. This is especially needed since 
some fertili/.ers rich in mineral plant nutrients are ultimately injuri 
ous to the physical condition of a soil in a very high degree. 

PERCOLATION STUDIES. 
RECLAMATION OF BLACK ALKALI SOIL BY LEACHING. 

The reclamation of soils containing "black alkali," or soluble car 
bonates, presents unusual difficulties. These difficulties are due 
in large part to the fact that soils generally show decidedly higher 
absorptive powers toward bases present in alkaline solutions than 
when the solutions are neutral or acid, and that the presence of 
hydroxides or carbonates of the alkalies frequently induces a "pud 
dling" of the soil, preventing a thorough penetration by water and 
subsequent removal of the water, with its dissolved contents, by 
drainage. The latter effect was subjected to a laboratory investi 
gation by Cameron and Patten, 6 using two "black alkali" soils which 
were in process of reclamation/ One, a sample from North Yakima, 
Wash., d was from the surface 8 inches of the experimental tract 
north of Wide Hollow Creek. The second sample, from the Toft- 
II arisen tract at Fresno, Cal., was from the upper 8 inches of soil 
in a spot plainly showing "black alkali" at the surface. When 
collected there were only a few scattering spears of grain on this &gt;p&lt;&gt;t. 
although all about it the grain had made a good stand. When the 
crust formed by the "alkali" was broken, grain was found which 
had sprouted but had not been able to push through the crust. A 
calcium carbonate hardpan occurred about 3 feet below the sur 
face, but was also found at the same depth in adjoining field-. &lt;&gt;n 
which there was a good stand of barlev. 

Chemical analyses of the water-soluble salts in these -ample- by 
the Conventional method of di^e-tini: the -ample with five times 

I .ur.-mi of Soil-. I S. l,.,,i 

J..ur. Am. Chen. Hoc., 2s. 

Hill. No. fj. ISlI! [ MIT 

,[,!. N... nil:!, liur.-uu ..f Soils .-..H.-ni..!!. 
|.l- N-. lllli-J. !tiir.-:iu of Sod- ,-Mil,.,-ii.ni. 
/Hul. No. is ,,. 86, I .ur.-.iu . : i MH. 
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ABSORPTION BY SOILS. 



its weight of water gave the results shown in Table XVI. It will 
be observed that both samples were of the same type of alkali soils, 
containing, besides the soluble carbonates, notable quantities of 
sodium sulphate, with much less amounts of other sulphates and 
chlorides. 

From the mechanical analyses of these samples (Table XVII), 
together with their field properties, both the Yakima and Fresno 
soils would be classified as fine sandy loams. 

TABLE XVI. Water-soluble constituents in soils from North Yakima, Wash., and 
Fresno, Cal., extracted by digesting one part of soil with five parts ofu dler. 



Constituent. 


North 
Yakima. 


Fresno. 


Constituent. 


North 
Yakima;- 


Fresno. 


Ca... 
Me 


Per cent. 
Tr. 
02 


Per cent. 

8: 


Cl... 
HCOj 


; Per cent. 
1 0.03 

.27 


Per cent. 
0.03 
16 


Na 
K 


.24 
03 


0.13 

f)9 


C0 3 


j .10 


.02 


SO, 


.18 


.09 


Total 


1 .87 

| 


.48 



TABLE XVII. Mechanical analyses of soils from North Yakima, Wash., and from 

Fresno, Cal. 



Conventional name. 


Diameter. 


North 
Yakima. 


Fresno. 




mm. 
2 tol 


Percent. 
Tr. 


Prr cent. 
0.1 


Coarse sand 
Medium sand 
Fine sand 


1 to 0.5 
0.5 to 0.25 
0.25 to 0.01 


1.3 

2.5 
12.8 


2.1 

3.7 
24.7 


Very fine sand 

Silt 


0.01 to 0.05 
-0.05 to 0.005 


4s!o 


33.5 
29.5 


Clay ... 


0.005 toO 


13. 5 


6.2 











EXPERIMENTAL METHODS. 

The method of percolation was essentially the same as that em 
ployed by Schreiner and Failyer, with the exception that a constant 
water pressure was maintained instead of keeping the rate of perco 
lation constant. One hundred grams of soil were placed in a par 
affined brass tube fitted below with a short section of a Pasteur- 
Chamberland filter tube, and distilled water allowed to percolate 
through the soil under a constant water pressure of 199 cm., or 6.5 
feet. 

The volume of each percolate was measured, its electrical con 
ductivity taken with a field bridge, 6 and its time of flow recorded. 
Normal carbonates (CO 3 ) and bicarbonates (HCO 3 ) were then deter 
mined volumetrically with standard acid potassium sulphate solution 
and the chlorine titrated with tenth normal silver nitrate solution, 
using potassium chromate as indicator. Sulphates were not deter- 

Jour. Phys. Them., 10, 239. 361 (1906). Bui. No. 32, Bureau of Soils, U. S. Dept. 
Agr.,1906. 

&Bul. No. 15, Bureau of Soils, U. S. Dept. Agr., 1899, p. 15. 
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mined, because the amounts here involved are too small to have any 
great agricultural significance and the analytical difficulties in hand 
ling quantities of this magnitude would he unjustifiably great. 

KESl LTS WITH SOIL FROM NORTH YAKIMA. 

The data obtained with the Yakima soil are given in Table XVIII. 
The first column gives the time during which percolation has been 
progressing; the second column, the total volume of percolate; the 
third column, the conductivity of the successive percolates, at 25 C., 
expressed in reciprocal ohms multiplied by 1,000, which may be con 
verted to specific conductivity" by multiplying by the cell factor, 
3.57. The next tliree columns give concentrations in the successive 
leachings, and the last three columns show the total amounts of the 
several constituents removed from the soil. * 

TABLE XVIII. Extraction of alkali salts from North Yakinia soil by leaching. 



Conductiv- 

! Volume ity of suc- 
T . | of perco- ! cessive por- 
Tlme - j fate | tlons of pcr- 
1 passed, colate X 10. 



Hours. 
48 
120 

_ |r, 

312 i 

360 
432 

480 

558 i 

726 

778 

827 

873 

940 



C.r. 
37 
101 
170 
242 
312 



&lt;!29 
739 
829 
917 
992 



Concentration of suc 
cessive portions of 
percolate in ppin. &gt;( 
solution. 

COi. I HCOj. I Cl. 



Ohm*. 



196 

171 j 



Pl,m. Pfim. 

i.iui I Xi 

753 
406 
445 
403 
385 
388 
321 
263 
218 
221 
1.58 
130 



Total quantity of constit 
uents leached from 100 
grams of soil. 



CO,. 



Gram. 

0.00304 
.0156 
. 0274 
.0433 
.053) 

.!. 1 1 

.0722 
. 07H4 
. 0829 
. OUO! 
. 0974 
.1034 
.1093 
.1173 



IICO,. Cl. 



drum. 
0.0424 
.1439 
. 1962 
.2252 



. 3199 
.3451 
.3740 
.4029 
.4225 
.4420 
.4538 



, (tram. 
0.00715 

.01420 
.02470 
.02498 
.(12512 
.112533 

.02506 

! .02t.l5 



.IN.:. 
,114 
,163 
,210 
,259 
,306 
378 


.314 
,398 
.485 
,562 
,642 
.716 
831 


.13 
.51 
.33 
.24 
.03 
.03 
00 


4. 185 
34 164 
22 170 
27 145 
22 i 127 
6 139 
8 : 130 


. 1273 . 5065 
. 1301 . 5203 
.1322 .5352 
. 1343 . 5470 
.1361 .5583 
.1365 .5683 
. 1372 5733 


::;:::: 


.443 
,499 
,506 
,614 
,665 
711 


951 
2^050 
2, 13H 
2,216 
2.306 
2 378 


.91 
.93 

.83 

: H 


11 109 
11 115 
8 103 ! 
6 94 
6 85, 
6 79 ! 


.1385 ; .5864 
.1396 .5978 
.1404 .6069 
.6142 
.5214 
! OZ71 




785 


2 491) 


.61 


73 . 


.11353 




836 


2 586 


.59 


79 


.6429 




884 


2 673 


59 


67 1 


1 6487 




1 932 


2. 768 


.51 


67 *. . 


.6551 




2,004 


2.908 
3 028 


.45 
48 


67 
61 


.6645 
.6718 




2 148 


3 148 


.43 


55 ... 


.6784 




&gt; 340 


3 378 




51 


.6900 




o 4(io 


3 583 




47 






2 580 


3 813 


.51 


42 .. 






2 772 


4 OK8 




42 






887 


4 76 




39 


.7283 




3.007 
3.125 
.1.246 
:t.391 
3.583 
3 803 


4! 526 
4.741 
4.941 
5.201 
. ,.528 
5 958 


.48 
.40 

.44 
.53 

39 


36 
30 
39 
24 | 
9 
18 






- 


6,142 


.42 


18 .. 












I 


1 
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An inspection of the results presented in Table XVIII shows that 
while the water passing through the soil is kept under a constant head 
the rate of percolation is not constant, but varies somewhat from time 
to time. The first water entering the dry soil runs through quite rap 
idly, but as soon as the soil becomes saturated it moves much more 
slowly. Variations in the rate of percolation are subsequently ob 
served, due undoubtedly in some cases to "channeling" in the soil, in 
some cases probably to "silting up" of channels, and in other cases 
partly to the fact that as the percolation proceeds the strongly defloc- 




FIG. 3. Curv 
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showing the total quantities of carbonates, bicarbonates, and chlorine removed by 
percolating North Yakima black alkali soil with distilled water. 



culating action of the alkali diminishes as its quantity decreases, so 
that the soil behaves as if it suffered a change in texture as well as in 
structure. For these reasons the concentrations of the successive por- 
tions of the percolates, as evidenced by the conductivity as well as by 
the analyses, do not show a regularly progressive change, although on 
the whole the concentrations become lower and lower as percolation 
proceeds. These results are in harmony with many field observa 
tions where it has been found that the concentration of a drainage 
water may vary over quite a wide range, depending upon the rate at 
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which the applied \\ntcr move- through the soil and upon the length 

of time of emit act l&gt;et\\eeit the \\ ater and soil, since considerable time 

is necessary for equilibrium t&lt; result l&gt;etween the salts dissolved and 

those remaining in the soil." 

In the present case chlorides had practically disappeared after 

778 hours, when 829 c. c. of water had passed through the soil. 

Normal carbonates failed to appear in the percolate after 1,614 

hours, when 2,21fi c. c. of solution had passed. This does not mean, 

however, that no normal carbonates remained in the soil, for, as 

has been previously shown in this laboratory/ dilution of a normal 

carbonate causes a change with formation of bicarbonate. It is 

certain that after 1,014 hours the amount of normal carbonates in 

the solution has been re- 

duced to a point below that 

dangerous to plant growth. 

The alkali, in the form 

of bicarbonates, however, 

continued to be leached 

from the soil after perco- 

at ion had proceeded for 

120 days and a total vol 
atile of over 4,200 c. c. had 

passed through the soil. 

The results are readily seen 

in figure 3, where the ab- 
cissas are total volume of 
Kreolate and the ordinates 

otal grams of the several """ e "" t "*"""" *-" 

constituents removed from Flu - 4 ^urve showing the quantity of bicarbonate in solu- 
1 T U * on n *k c 8UCCCS9 ve percolates when North Yakima 

the SOU. 1 he curves are black alkali is leached with distilled water. 

11 asymptotic. In the 

&lt; ase of the chlorides and normal carbonates, as noted above, the 
1 1 -mounts in the successive portions of percolate soon become too 
small to determine accurately; but in the case of the bicarbonate, 
|a mounts could still be readily determined, while the run of the 
[figures in the table and the shape of the curve show that at the 
ijt rmination of the experiment the amount in the successive por- 
n ms of percolate was slowly diminishing. This is brought out more 
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clearly in figure 4, in which the ordinatcs represent the concentra 
tions in parts per million in successive portions of the percolate. 
This result is analogous to former leaching experiments made in this 
laboratory. An inspection of the results for bicarbonates shows, more 
over, that if the first few observations be disregarded the leaching 
curve is described with fair accuracy by the equation 



proposed by Schreiner and Failyer. a 



1.4 



1.2 



1.0 



RESULTS WITH SOIL FROM 




In working with the 
Fresno sample the same ex 
perimental difficulties were 
encountered as with the 
Yakima sample, in that 
changes in fiocculation and 
channeling materially af 
fected the rate of leaching. 
In Table XIX are given the 
rates of leaching during the 
earlier part of the experi 
ment. The results are more 
clearly shown in figure 5. 
It is seen that at first there 
is a rapid fall in the rate, 
and then as percolation 
proceeds, with the forma 
tion of channels and an in 
crease in the flocculation 
due to the partial removal 
of the alkali, there is an in 
crease in the rate of per 
colation, becoming quite 
regular after about 300 c. c. have passed through the soil. It is 
believed that these changes in the physical condition of the soil as 
affecting percolation in these experiments are very helpful in show 
ing what may be expected in field practice, although it must be 
remembered that the intermittent leaching to which the soil is sub- 



100 00 300 400 500 
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FIG. 5. Curve showing the progressive change in the rate 
of percolation as the soluble salts are extracted from 
Fresno black alkali soil by distilled water. 
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jected in llic li -M &gt;lmul&lt;l IK- nmiv Hl cctive than the laboratory 
at least in so far as respects the volume of water required. 

In Table XX are jjiven the data obtained from the leadlines of the 
Fresno soil, which are also shown in figures fi and 7. 



r 
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TOTAL CUBIC CENTIMETERS Of PERCOLATE. 

Curve showing the total quantities of carbonates, bicarbonatcs, and chlorine removed ly 
prrcolating Fresno black alkali soil with distilled wator. 

TABLE XIX. Rate of leachiny through soil from Fresno. 



Total 

percolate. 


gimnlity 
per hour. 


Total 
permit! U*. 


Quantity 
per hour. 


Total 
percolate. 


t^lMIItltV 

pi-r hour. 


C.c 

20 
31 




C.c. 
0.83 
.23 

- 


C.c. 
101 
159 
238 


C.c. 
0.54 

.00 \ 

.: 


C.c. 
295 

*w 

443 


C.c. 
L41 
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TABLE XX. Extraction of alkali toll* from Fresno soil by leaching. 



Time. 

Hours. 
24 
72 
120 
210 
312 
432 
510 
578 
630 
679 
724 
791 
839 
916 
964 
1,014 
,061 
,110 
,157 
,229 
,301 
,357 
,424 
,472 
,523 
,569 
,643 
,694 
1,742 
1,790 
1,862 
1,934 
2,006 
2,198 
2,318 
2,438 
2,630 
2,745 
2,865 
2,983 
3,128 
3,272 
3,468 
3,688 
3,780 


Volume 
of per 
colate 
passed. 


Conductiv 
ity of suc 
cessive por 
tions of per 
colate X 10 3 . 
T=25 C. 


Concentration of suc 
cessive portions of 
percolate in p. p.m. 
of solution. 


Total quantity of constit 
uents leached from 100 
grams of soil. 


C0 3 . 


IICO 3 . 


Cl. 

P.p.m. 
352 

961 


CO,. 

Gram. 


ECO,. 


Cl. 


(\ c. 
20 
31 
49 
101 
159 
238 
295 
368 
444 
514 
572 
656 
724 
833 
912 
1.000 
1.083 
,162 
,230 
,345 
,459 
,558 
,667 
,744 
1,829 
1,905 
2,017 
2,104 
2,185 
2,271 
2,393 
2,513 
2,626 
2,856 
3,061 
3,291 
3,575 
3,756 
3,961 
4,126 
4,346 
4,534 
4,796 
5,136 
5,284 


Mhos. 


P.p.m. 


P.p.m. 
1.514 
4 125 


Gram. 
0. 0303 
.0757 
.1268 
.1981 
.2256 
.2489 
. 2606 
.2706 
.2791 
.2865 
.2911 
.2972 
.3017 
3087 


Gram. 
0. 0070 
.017(1 
.021 14 
.0317 




""j .ti" 
3.31 
2.37 
1.603 
1.243 
.842 
.680 
.59 
.52 
.53 
.49 
.401 
.366 
.361 
.351 
.376 
.417 
.400 
.370 
.334 
.307 
.312 
.283 
.296 
.293 
.293 
.292 
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COMPARISON OF RESULTS FOR THE TWO ALKALI SOILS. 

In general the results for Fresno soil are very similar to those 
obtained with the heavier soil from Yakima, but, as might reasonably 
be expected, the soluble salts disappear more rapidly from the lighter 
soil. It is also worthy of note that in the case of the Fresno soil the 
curve for chlorides (fig. 6) lies above that for normal carbonates, 
while the reverse is the case with the Yakima soil (fig. 3); but this 
is not a case of selective absorption, for the Yakima soil contained, 
initially, much more of the carbonates than did the Fresno sample, 
while both contained approximately the same quantities of chlorides. 
Further, the later leachings are more dilute than in the case of the 
heavier Yakima soil, indicating that the latter possesses a higher 
absorptive power, 
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The leaching from tin- two soil sample- here i lescrihei I ha\e re 
sulted in the removal of larger total quantities of soluhle -alts than 
i- indicated hv the standard niethoii of analysis. The quantity of 
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hoiiates the continuous leadlines as compared with the dlgestJOD Use&lt;] 

in tin- analytical pro- _________^______ 

cedure. showed slight ly 
more in t he Yakima soil 

and B e\\ hat le-siu ) he 
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The leaching results presented above indicate the following con 
clusions : Neutral salts, such as chlorides, in the presence of carbonates 
are comparatively easy to leach from the soil. With continued leach 
ing of the soils containing "black alkali" there is an increase in the 
rate at which percolation takes place, due probably to the reduction 
of the amount of alkali present and to a consequent effect on the 
physical structure of the soil. With continued leaching there is a 
comparatively rapid reduction of normal carbonates in the soil 
water, due in large measure to conversion to bicarbonates. Bicar- 
bonates are rapidly removed at first and then continue to be slowly 
removed in the soil water in very small quantities, diminishing for 
an indefinite period. The leaching curves conform fairly well to 

the rate equation, J - = K (A y), proposed by Schreiner and Failyer. 

Soils containing " black alkali" can be reclaimed by leaching (i. e., 
flooding with under drainage), but the time and amount of water re 
quired is probably much greater than in the case of "white alkali." 

EFFICIENCY OF CALCIUM SULPHATE IN REMOVING BLACK 
ALKALI. 

Calcium sulphate has been proposed as a remedy for the injurious 
effect of black alkali upon growing plants. In order to test the effect 
of calcium sulphate upon the removal of sodium carbonate and 
bicarbonate under percolation conditions, four experiments were 
undertaken. In experiments (1) and (.3) of Table XXI, 100 grams 
of the natural alkali soils from North Yakima, W T ash., and from 
Fresno, Cal., were used. Part of each soil in dry powder (70 grains) 
was slowly poured into the brass percolation tube and allowed to 
settle down through the water in it and form a percolation bed. 
The remainder (30 grams) was meanwhile rubbed up with 10 grams 
of calcium sulphate and then poured into the tube with the rest of 
its sample, where it settled, forming a top layer rich in calcium sul 
phate. Distilled water was then added from time to time, replac 
ing that which passed through the soil. The presence of the cal 
cium sulphate was immediately evident from the rapidity with 
which the solution passed down through the soil, whereas the 
untreated natural alkali soils when moistened puddle immediately 
and in the apparatus used in this work require several feet of water 
head to produce percolation. 

A separate series of experiments, carried out under equilibrium 
conditions with the North Yakima soil, showed that when the 
theoretical amount of calcium sulphate required to react with the 
carbonate and bicarbonate is added and rubbed into the soil, and 
the soil shaken with water and allowed to settle, the sediment thus 
obtained occupies a greater volume than that for greater or less 
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additions of the calcium sulphate. This inaxiinum point is as yet 
not so definitely determined as the above statement might indicate, 
hut nevertheless shows the effect of calcium sulphate upon the 
volume and openness of this soil when saturated with water, as it is 
in the percolation tube. A similar series of experiments with the 
Fresno soil gave corresponding results, but here the maximum 
volume of sediment was not reached until three times the quantity 
of calcium sulphate equivalent to the carbonates and bicarbonates 
in the soil had been added. Experiments (2) and (4) were likewise 
made with the Yakima and Fresno soils, the experimental conditions 
being the same as in experiments (1) and (3), save that sodium chlo 
ride was added to each soil in sufficient quantity to bring its per 
centage content up to that of an average black alkali sample from 
the particular locality to which each soil belongs. This was necessary 
since these samples proved low in chlorides, and it was desirable 
to use them in this work because their loss of carbonates and bicar 
bonates had been already determined under known percolation 
conditions, and could serve for comparison with this similar series 
in which calcium sulphate is present. 

The sodium chloride was added dry to the alkali soils, rubbed up, 
water added to make a paste, the soil allowed to dry, and again 
broken up; calcium sulphate was then worked into the top 30 grams 
as for experiments (1 ) and (3). 

TAHI,K XXI. Ejf ei-l &lt;f calcium -sulphate upon the removal of black alkali by leaching. 
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The headings of Table XXI are self-explanatory. Table XXTI 
contains a summary of the most important points brought out in 
Table XXI and in the leaching experiments on these soils, already 
given, using only distilled water. 

For the North Yakima soil containing gypsum the quantity of car 
bonates in the successive percolates decreased continually, whereas 
in the natural alkali soil an intermediate portion of the percolate 
had the highest content. Furthermore, the concentration of bicar 
bonate in the percolates from the soil treated with calcium sulphate 
were many times lower than the corresponding concentration of the 
percolate from the untreated soil. 

Moreover, using distilled water alone 2,490 c. c. were passed before 
all the normal carbonate was leached; but with calcium sulphate 
present, all the normal carbonates came out in the first 30 c. c. of per 
colate, and this volume of liquid is very nearly that required to satu 
rate this soil with water; therefore it is very likely that the calcium 
sulphate solution from the top layer of soil in the percolation tube 
did not react with this first percolate to its full extent, but pushed 
this solution on before it and out of the soil. That some reaction 
had taken place is shown by the decrease of nearly one-half (43.4 per 
cent) in the quantity of bicarbonates present in even this first per 
colate. 

Distilled water leached in all 0.7283 gram bicarbonate from the 
natural soil, while with calcium sulphate present only 0.1206 gram 
bicarbonate appeared in the filtrate. Using calcium sulphate, only 
one-tenth of the volume of water was required to reduce the con 
centration of bicarbonate in the percolate to 40 parts per million. 
Experiment 2 indicates that the presence of sodium chloride in quan 
tity does not materially reduce the efficiency of calcium sulphate, 
since the chloride is rapidly removed. After -177 c. c. of percolate 
had passed the concentration was only 42 parts per million chlorine in 
solution and after 333 c. c., no chlorine appeared in the runnings. 

For the Fresno soil a comparison of the first six percolates of Table 
XXI with those of Table XX shows that calcium sulphate has re 
duced the concentration of the carbonates in the percolates far 
below that from the natural soil. 

Here, too, the calcium sulphate maintained an open structure in 
the soil favorable to a steady percolation; and the ready access of 
solution to the soil contributes to the completeness of the conversion 
of the alkaline carbonates in the soil into the slightly soluble calcium 
carbonate, with the consequent rapid disappearance of bicarbonate 
and normal carbonate in the percolate as shown in experiments 3 
and 4, Table XXI. In both of these experiments the conversion 
of normal carbonate to calcium carbonate is seen to be very nearly 
complete since normal carbonate is practically absent from the 
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leaching, where -odium chloride i&gt; added; and it \\a- not found, in 
the |)erco|;ite \\here only cal.-ium -ulphate had been added to the 
-oil. To reduce the Concentration of the percolate from the natural 
soil to U parts per million bicarbonate, required I, HIM! c. c. of \\.-iter: 
but on adding calcium -ulphate only about one-third of this volume 
of percolate \\.-i&gt; needed to reach thi.- same concentration of bi 
carbonate. 

The total quantity of bicarbonate leached by :\.7~&gt;* &gt; c, C. of \\ater 
from the natural -oil \\a- o.. 577. ) gram. When 672 c. c. of v 
hud been pa ed throiih the soil treated with calcium sulphate. 
0.00X1 gram bicarbonate had been removed. Supposing that the 
concentration in succeeding percolates had remained constant at 
40 parts per million bicarbonate, and they undoubtedly averaged 
much below this figure, the passage of 3,084 c. c. additional water 
would have carried into solution 0.1234 gram of bicarbonate, mak 
ing in all 0.2218 gram. This is without doubt much higher than 
experiment would have shown, but even so is 60 per cent of the 
quantity which was actually washed from the untreated soil. 
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The pre-enee of x.dium chloride in Vakima black alkali soil 
decrease in the quantity of bicarbomites which mu&gt;t be lea-hed 
!&gt;efore th&lt; |ercolate&gt; reach a coin-cut rat ion below that dangerous to 
])lants. When above |()0 C. C. &lt;&gt;f the li(|llid had percolated, the solu 
tion had reached a fairly steady concentration. At this point over 

o.oo gram of bicarbonate ha- been leached from the soil containing 
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no additional sodium chloride, whereas the same volume of percolate 
removed about 0.04 gram of bicarbonate from the soil which had 
been treated with gypsum and sodium chloride. The same phe 
nomenon is met in the case of the Fresno soil. In the case of the 
Yakima soil the increase in the bicarbonate in the percolates is evi 
dently due to the rapidly decreasing quantity of sodium chloride 
present. For both soils the final removal of sodium chloride is accom 
panied by an almost abrupt drop in the concentration of the perco 
late with respect to bicarbonate. 

In conclusion, these experiments indicate that the use of gypsum 
facilitates the removal of black alkali from soil, although at the same 
time it adds to the total quantity of, alkali present. 

ABSORPTION OF POTASSIUM FROM CARBONATE SOLUTION. 

The problem of absorption of salts by soils has been studied not 
only by percolating natural alkali soils with distilled water, deter 
mining the quantity of salts removed, but also by the absorption of 
salt from a percolating salt solution. After introducing into the soil 
in this manner a considerable quantity of the alkali salt, thus simu 
lating an alkali soil, percolation was commenced with distilled water. 

In the following experiments upon the removal and absorption of 
a base by a soil, a potassium salt was used rather than a sodium salt, 
on account of the experimental difficulty of determining small quan 
tities of sodium in solution. The normal carbonate of potassium 
was chosen because previous work gives the form of the curves for 
the removal of carbonate. The alkaline carbonates, unlike chlorides 
and phosphates, which were studied by Schreiner and Failyer, a have 
an enormous influence upon the physical condition of the soil. 

The experimental difficulty is not so much to regulate the rate of 
percolation or to keep it sufficiently slow, as to get the solution through 
the soil at all. One hundred grams of each soil was placed in a 
paraffined brass tube fitted below with a short section of a Pasteur- 
Chamberland filter tube, as already described. The solution was 
percolated through the soil under a head of 6.5 feet water pressure 
aided by nearly an atmosphere of suction from a filter pump applied 
below. This pressure was just sufficient for the needs of the experi 
ment. 

Four soils, Galveston clay, Marshall silt loam, Hagerstown loam, 
and Norfolk sand, were percolated with a solution of potassium car 
bonate containing 444 parts potassium per million parts of solution, 
and the potassium in the percolates determined colorimetrically 6 
for low concentrations and gra-vimetrically as the chlorplatinate, 

" liul. No. 32, Bureau of Soils, U. S. Dept. Agr., 1906; Jour. Phys. Chem., 10, 239, 361 
(1906). 
6 Bui. X&lt;&gt;. 31, Bureau of Soils, U. S. Dept. Agr., 1906. 
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\\hen the fractions became -I fonder. Tin- re-nlu a re given in Tallies 

XXIII i" XXVI, and shown graphically in figure s. which represents 
the curves of absorption up to the maximum of each, and from that 
point on tin- leaching process appears. The data for these leaching 
curves are contained in Tables XXVI I, XXVIII, and XXIX. Each 
curve in figure 8 gives the total grains of potassium contained hv 100 
grains of soil air-dry weight at each stage of the absorption process. 
The (Jalveston clay is still absorbing potassium after five month-- 
continuous percolation, during which time 1.1.3 percent of potassium 




I P IG. 8.- Curves showing the total quantity of potassium absorbed from potassium ntrl 
tn ii percolating through soils, and the subsequent removal of this absorbed pot- 
with distilled water. 

ias been absorbed by the soil and the concentration of the percolate 
vith respect to potassium has risen to a little over one-third of that 
lor the solution added to the clay, so that we may expect a very eon- 
iderahle quantity of potassium to be absorbed on further percola- 
Bin it -eeined inadvisable to prolong the experiment, -inee 
I he clay had Keen -ho\\ n to ha\e a ver\ high ab-orptive capacitv for 
|K&gt;taaBMIin and \\ould re(|iiire a very loii^ time for sat urat ion and for 
~ul)-e&lt;|uent icmoxal of the --alt^ by |iercolat ion. Further point-. ,.n 
the curve could give, in addition, onlv the value of the &gt; pec i lie ab- 
capacitx. from a solution of tin- concentration. This 
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absorptive capacity is known for the three other soils used, and the 
formula ( ^= K(A y] proposed by Schreiner and Failyer may be 

applied. 

Table XXIV shows that after some 750 c. c. of the potassium car 
bonate solution has passed through Marshall silt loam the soil has 
taken up very nearly all the potassium that it can absorb from a 
solution of the strength used. Here A, the absorptive capacity of 
Marshall silt loam for potassium from this particular concentration 
of aqueous potassium carbonate may be taken as 0.230 gram 
potassium per 100 grams soil. Using this value for A, the results 
given in Table XXIV conform well to the rate equation of Schreiner 

and Failyer, -? = K(A y). For Hagerstown loam, Table XXV, 

the absorptive capacity, A, is 0.300 gram potassium per 100 grams 
soil, and the rate of absorption conforms to Schreiner and Failyer s 
formula, as is also the case for Norfolk sand, whose A, is 0.1226 gram 
potassium per 100 grams soil, as shown in Table XXVI. 

Comparing the soils we see that Hagerstown loam absorbs 0.300 
gram, Marshall silt loam 0.230 gram, and Norfolk sand 0.123 gram 
of potassium per 100 grams of soil. These absorptive capacities are 
not directly proportional to the areas of the soils per gram as calcu 
lated from the mechanical analysis already given. 

The absorptive capacity of a soil for potassium from potassium 
carbonate solution is greater than from potassium chloride solution. 
Schreiner and Failyer a give 1 ,000 parts per million potassium as the 
A, for a clay soil in chloride solution containing 200 parts per mil 
lion potassium; and 650 parts per million as the A for a clay loam 
under the same conditions. This is a percentage of 0.1 and 0.065, 
respectively, while Galveston clay absorbed 1.13 per cent, Marshall 
silt loam 0.23 per cent, Hagerstown loam 0.30 per cent, and Norfolk 
sand 0.123 per cent potassium reckoned on the air-dry weight of the 
soils from carbonate solution. It is to be remembered that this 
carbonate solution was more than twice as strong with respect to 
potassium as the chloride solution used by Schreiner and Failyer. 
But even taking account of this factor the soils are seen to abstract 
relatively more potassium from carbonate solution than from chlo 
ride solution. 

In columns 4 and 5 of the Tables XXIII to XXVI are given the 
rates of absorption in grams potassium per 100 grams soil per hour, 
and the rates of percolation in cubic centimeters per hour. The 
data show a steady decrease in rate of flow as percolation proceeds 

Bui. No. 32, Bureau of Soils, U. S. Dept. of Agr., ]906, p. 37; Jour. Phys. Chem., 
10, 361 (1906). 
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till a state i- reached \\here tin- soil- seem to form channels and 
ullo\v the solution to filler faster. aii&lt;l then to cl..-e tlie&gt;e channels 
and retard the How of liquid so that its rate of percolation returns 
nearly to that prior to the formation of the channel-. The initial 
decrease in rate of flow is not due to packing do\\n of the soil&gt;. 
since they \\ere percolated with distilled water for \\cek- before any 
of the potassium carl)onat- \\a- run through them, hut to the pud 
dling or defloeenlat ion produced by the alkaline solution. After 
the -oil i- impregnated with alkali the passage of the strong potas 
sium carbonate solution through it is faster than the subsequent 
flow of distilled water, but as the potassium is washed out the rale 
increases again. 

Thi- may he referred to the flocculating and delloeculat ing action 
upon the soil grains by the same solute at different concentrations, 
which lias been discussed previously. The production of large floc- 
cules would of course permit the solution to pass through more 
readily and the subsequent breaking down into smaller aggregates 
would offer a much less permeable percolation bed. 

At the beginning of leaching it was necessary to subject the Ifagers- 
town loam to suction under a force of about an atmosphere in addition 
to the constant bead of water, but as leaching proceeded this suction 
was removed to avoid too rapid percolation. Consequently the rate 
of percolation for this soil as given in column 5 of Table XXVI II is 
not exactly eom parable with the similar data in Tables XXVII and 
XXIX. Thi- set of figures on the rate of percolation enables one to 
compare the rate of absorption with the rate of flow. 

The continual decrease in the rate of removal of potassium from 
these three soils a- -ho\\n in figure 8, and in the concentration of the 
percolates given in Table- XXVII. XXVIII. and XXIX, i- similar to 
that for the removal of carbonate, bicarbonate, and chlorine from the 
natural alkali soils of Yakima and F re-no. 

The removal of potassium absorbed by soil from a carbonate solu 
tion gives a leaching curve do-cly resembling that for the removal 
&gt;f potassium absorbed from chloride solution." 

The absorption of potassium from carbonate and from chloride 
solution is likewise described by curves similar in form, and very 

learly represented by the formula - A"(.l , , which also expresses 

.veil the rate of absorption and rate of removal of the phosphate 
adical. I O,. from soils" regard les&lt; of \\hal phosphate \\ a- u-ed to 
at unite the soil. 
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TABLE XXIII. Absorption of potassium from carbonate solution by (falveston 
[100 grams soil. Solution containing 444 parts per million potassium.] 
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.00037 


.06 


,002.2 


,566 


102 


.6319 


.00035 


.02 


, 102. 2 


,663 


80 


.6671 


. 00038 


.05 


,194.2 


,763 


72 


.7042 


.00039 


.04 


,260.2 


,868 


73 


.7431 


.00031 


.84 


,385.2 


,925 


175 


.7564 


. 00020 


.84 


, 453. 2 


,033 


102 


.7933 


.00029 


.86 


, 578. 2 


2,154 


165 


.8270 


. 00023 


.83 


, 724. 2 


2,294 


186 


.8632 


.00022 


.82 


, 896. 2 


2,429 


167 


.9005 


. 00022 


.81 


2,073.7 


2,582 


113 


.9512 


. 00026 


.80 


2, 266. 7 


2,711 


152 


.9891 


.00020 


.68 


2, 458. 2 


2,860 


149 


1.0331 


.00029 


.71 


2, 670. 


2,94!) 


170 


1.0574 


.00009 


.54 


2, 835. 5 


3,043 


195 


1.0808 


.00005 


.22 


3,268.0 


3,105 


178 


1.0972 


.00011 


.42 


3, 415. 


3,213 


145 


1.1294 


.00017 


.56 


3,607.0 







TABLE XXIV. Absorption of potassium from carbonate solution by Marshall silt loam. 
[100 grains soil. Solution containing 444 parts per million potassium.] 



Total 
perco 
late. 


Potas 
sium in 
perco 
late. 


Potassium 
absorbed 
by 100 
grams soil. 


Rate of 
absorption. 


Rate of 
percola 
tion. 


Period. 








Gram 


C. c. 




C. c. 

48 


P. p. m. 


Grams. 
0. 0210 


per hour. 
0.00088 


per hour. 
2.00 


Hours. 
24 


145 


24 


.0615 


.00169 


4.00 


48 


225 


83 


.0904 


.00120 


3.33 


72 


325 


94 


.1254 


.00100 


2.85 


107 


372 


95 


.1418 


.00068 


1.96 


131 


403 


97 


.1526 


.00065 


.86 


148 


445 


98 


.1674 


.00062 


.77 


172 


469 


100 


.1757 


.00052 


.53 


188 


508 


135 


.1877 


.00034 


.29 


223 


558 


189 


.2004 


.00026 


.04 


271 


590 


244 


.2066 


.00013 


.66 


319 


630 


275 


.2140 


.00016 


.87 


365 


676 


318 


.2198 


.00008 


.64 


437 


696 


350 


.2217 


.00004 


.42 


485 


732 


390 


.2237 


.000028 


.50 


567 


756 


400 


.2248 


.000023 


.50 


605 



&gt;l.\ I lux si riMi.s. 






XXV. Absorption of potajutin m from carbonatf solution by Hagertto 
[100 grama noil. Solution containing 444 parts per million potassium.] 



Total 
perco 
late. 



Blum In 
perco 
late. 


Potassium 

by 100 
grams soil. 


Rate of 

absorption. 


Rate of 
percola 
tion. 


Period. 








Gram 


C.c. 




C f. 


/ , /). in. 


Gram. 


jxr hour. 




Hour*. 


uo 


6 


0.0700 


0. OU291 


6. AH 


24 


292 


23 


.1245 




5.5 


48 


392 




.1648 


! 00165 


4.14 


72 


478 


75 


.1966 


.00065 


1.79 


120 


530 


97 


.2146 


.00075 


2.16 


144 


573 


115 


.2287 


. 00059 


1.79 


168 


630 


167 


.2445 


.00006 


2.37 


192 


657 


200 


.2513 


1.14 


216 





215 


. 2002 , . 00039 


1.62 


240 


753 


240 


.2718 ; .00024 


1.19 


288 


796 J7.-, 


.2790 .00016 . HI 


336 


845 301 


.2857 .0001.5 1.09 


380 




.2907 .00007 .HO 


452 


934 406 


.2919 .01N1025 .67 


500 


983 424 


.2929 .000014 .67 


572 


1,016 428 


.2934 .000011 ! .C9 


620 



TABLK XXVI.- Absorption of jtotasxium from carbonatf solution by Norfolk sand. 
[100 grams soil. Solution containing 444 parts per million potassium.] 





Total 
perco 
late. 


Potas 
sium in 
perco 
late. 


Potassium 

al surl-ril 

by 100 
gran s soil. 


Rate of 
absorption. 


Rate of 
percola 
tion. 


Period. 












Gram 


C r. 








C.c. 


/ . p. m. 


Grams. 


f#r hour. 


]trr hour. 


Hour*. 






82 


5 


0. 0360 


0. 00015 


3.39 








122 


37 


. 0523 


. 000068 


1.69 


48 ! 




193 


107 


.0762 


IK KM KIN, 


2.96 


72 




274 


193 


.0906 


. 0000425 


1.69 


120 




313 


232 


.1048 


. mm:m 


1.62 


144 




338 


261 


.1098 


.0000191 


1.04 


168 




370 


305 


.1142 




1.34 


192 








330 


.1164 


1 OWHCr* 


.79 


216 






365 


.1189 




1.29 


240 


464 


407 


. 1205 




.92 


288 


502 


417 


. 1216 


000()fti 


.78 


336 


546 


422 


.1220 


. 0000021 


.92 


884 


MM 


444 


. 1226 




70 


442 
















TABLK XXVII. leaching of potassium from Marshall silt loam. 


(100 grams, containing 0.2248 gram pot 


assium, at&gt;sorbed from 


KgCO, solution.) 




Total 
perco- 
late. 


Potas 
sium in 
perco 
late. 


Potassium 
left in soil. 


Rate of 
leaching. 


Rate of 

"S 1 "- 


Period. 










Gram 


r. c. 






C.e. 


P. /.. m. 


Gram. 


]*r hour. 


pcrkour. 


Hour,. 










0. 2248 






o 


17 


471 


. 2168 


o. oooiw 


6.354 


48 




513 


.2070 


000168 


.346 


103 




426 


.1972 


.000123 


.290 


183 


72 


410 


.1919 




.304 


226 


95 


375 


.1833 




.228 


327 


125 


273 


.1751 




.183 


492 


162 


151 


.1695 




.386 


588 i 


194 


273 


. 1607 




.320 


- 


217 


320 


. l. itt 




.123 


876 


235 


350 


. 1470 




.094 


1.069 




256 


412 


.1383 




.OHO 


1.333 




301 


278 


.1258 




.125 






336 


.{37 


. 1140 




.091 






M 


230 


.1064 













190 












412 


202 






ue 






435 


102 












456 


. 







., 


.(.417 
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TABLE XXVIII. Leaching of potassium- from Ilfiycrstaii tt, loam. 
[1(X) grams, containing 0.2934 gram potassium absorlx d from K 2 OO 3 solution.] 



Total 
perco 
late. 


Potas 
sium in 
perco 
late. 


Potassium 
left in soil. 


Rate of 
leaching. 


Rate of 
percola 
tion. 


Period. 








Gram 


C. c. 




a c. 


P. p. m. 


Gram. 


per hour. 


per hour. 


Hours. 








0.2934 






....... 


24 


538 


.2805 


"O.VXXEG"" 


""o. so" 




51 


490 


.2673 


.00024 


.49 


103 


85 


436 


.2525 


.000107 


.43 


183 


103 


311 


.2469 


. 000131 


.42 


225 


144 


237 


.2376 


.000092 


.40 


326 


169 


256 


.2312 


.000093 


.36 


395 


206 


145 


.22,58 


.000056 


.39 


490 


243 


151 


.2202 


.000058 




586 


280 


133 


.2153 


.000044 


.37 


686 


311 


90 


.2124 


. 000030 


.34 


772 


346 


107 


.2087 


.000039 


. 37 


868 


393 


116 


.2032 


.000047 


!38 


994 


416 


114 


.2006 


. 000039 


.34 


,062 


460 


114 


.1956 


.000040 


.35 


,187 


511 


100 


.1905 


. 000035 


.35 


,333 


581 


90 


.1842 


.000033 


.36 


,525 


637 


82 


.1796 


.000027 


.34 


,692 


704 


82 


.1741 


".000029 


.35 


,885 


774 


87 


. 1680 


.000032 


.37 


2,077 


841 


82 


.1625 


.000026 


.32 


2,289 


896 


76 


.1583 


.000025 


.33 


2,455 


1,032 




.1470 


.000026 


.32 


2,887 


1,077 


89 


.1430 


.000027 


.31 


3,034 


1,136 


75 


.1386 


. 000023 


.31 


3,226 


1,191 


82 


.1341 


.000024 


.29 


3,415 



TABLE XXIX. Leachiny of potassium, from Norfolk sand. 
[100 grams, containing 0.1226 gram potassium absorbed from K 2 CO 3 solution.] 



Total 
perco 
late. 


Potas 
sium in 
perco 
late. 


Potassium 
left in soil. 


Rate of 
leaching. 


Rate of 
percola 
tion. 


Period. 








Gram 


C. c. 




C. c. 


P. p. m. 


Gram . 


per hour. 


per hour 


Hours. 








0. 1226 








30 


582 


.1051 


0. 000314 


0. 63 


48 


67 


236 


.0964 


.000159 


.67 


103 


119 


138 


.0892 


.000091 


.&lt;&gt;() 


183 


148 


125 


.0856 


. 000085 


.68 


226 


219 


105 


.0781 


.000074 


.70 


327 


265 


97 


.0736 


.000070 


. 67 


396 


335 


71 


.0686 


.000053 


.74 


491 


403 


S3 


.0630 


.000059 


.71 


587 


476 


75 


.0575 


.000055 


.73 


687 


541 


m 


.0534 


.000044 




779 


616 


59 


.0490 


. 000046 


!78 


875 


708 


53 


.0441 


.000039 


.74 


,000 


759 


49 


. 0416 


.000037 


.75 


,068 


857 


48 


.0369 


.000038 


75 


,193 


967 


42 


. 0323 


. 000032 


.92 


,339 


.124 


44 


.0254 


. 000040 


.81 


,510 


,259 


41 


.0199 


. 000041 


.80 


,678 


,422 


43 


.0129 


.000043 


.85 


,871 


,592 


44 


.0044 


. 000039 


.89 


2,063 


,742 


34 


- .0007 


.000024 


.71 


2,275 


1,897 


25 


- .0046 


. 0000236 


.94 


2,330 


2,142 


21 


- .0083 


.000019 


.57 


2,763 


2,322 


18 


- .0116 


.000022 


1 ^2 


2,910 


2,512 


4 


- .0124 


. 000004 


. 99 


3,102 


2,707 


2 


- .0128 


. 0000019 


1.08 


3,291 



Thus we have shown that the removal curves for bicarbonate, 
carbonate, chlorine, potassium, and phosphate leached from soils are 
very similar in form. 



SUMMARY. 
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It ha- nlso been demonstrated by these percolation studies that t he 
ab.-orpti\ e capacity of -oil- i- \er\ con-iderable, lar^ e qiiantitie- of 
both acid and ba-ic radical- bein^ retained. The-e arc a.L ain rejea-ed 
bv the .-oil to fresh additions (f water and to the -oil -olution, a- the 
plant- remove the nutrient salts. 

SUMMARY. 

In the fore^oin^ pa&lt;res the \\ork on absorption by soils, \\hich has 
been in progress in the Bureau for some year-, ha- been continued 
and a further and more complete study ha- been made of the compo 
sition of the solutions and the quantity of material removed from 
solution by the soil. The literature upon the subject of absorption 
has been brought together. 

In the experiments described the material- u-ed are not al\\a\- 
fertilizer salts or constituents of the -oil itsell. since other sub- 
st&nces, particularly certain dyest nil s, are bet ter adapted to obtain 
ing a more detailed knowledge of the mechanism of absorption. 
In general, it may now be stated that where disturbing influ 
ences are not ^reat the mathematical formulation inav be made 
both of the time rate and of the ab-orption and distribution of the 
material between the solid and the liquid. The disturbing influences. 
ho\\e\-er. are cpiite imjxirtant in ino-t case- act ually met in practice, 
:ind therefore a detailed study of some of them \\ a- undertaken. 
The most important of these is the change in the physical character 
)f the soil it-elf, consequent upon the absorption of the di ol\ed 
materials. In .-ome cases, notably with acid.- and \\ith lime, the 
-oils assume a " flocculated " structure, i. e., a ^reat many of the 
iltimate grains form larger a&lt;^re&lt;rates or "ball together:" and in 
other ca-es. especially with alkalies, the soils are deflocculated. each 
:rain -landing out separate and distinct from the other-. This 
haiiL e in the structure of the soil is of the utmost importance in 
nfluencing the physical condition of the soil, \\hich in turn influences 
he drainage condition, the aeration of the -oil, its capacitv to hold 
he -oil solution and control it.- movement through the soil, the com- 
to-ition of the soil solution, the character and rate of the chemical 
han^e- taking place in the soil solution: and, in fact, in influencing 
directly both the phv-ical and chemical factor- \\hich are the most 
important in ^oveniin^ the proper Drouth of plant-. 
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f IIIE ISOLATION OF HARMFUL ORGANIC SUBSTANCES 
FROM SOILS, 



THE PRESENCE OF HARMFUL SUBSTANCES. 

Investigations into the causes of the infertility of soils have estab- 
1 shed throe facts which may be considered fundamental in any 
&lt;: scussion of the subject. These are: First, soils may be infertile 
b vause of the presence in them of some substance or substances 
ii imical to plant growth. Second, many plants produce and pos- 
s bly excrete, as the result of growth, organic compounds which are 
poisonous to the plants producing them. Third, many of the organic 
c mstituents of plants which on the death and decay of vegetation 
fi id their way into the soil, or compounds which may arise during 
s ibsequent changes in the soil, inhibit growth when presented in 
solution to the roots of growing plants. 

The facts on which these three generalizations are based have been 
p iblished in detail" and will be but briefly presented here. 

The essential facts regarding the first proposition are these: Aque- 
jo is extracts of soil retain the fertile or infertile properties of the 
js&lt; ils from which they are made. A water extract of a poor soil is a 
p &gt;orer medium for the growth of plants than an extract of a good 
Ji il. The growth of seedlings in an extract of an infertile soil is often 
(e than in pure distilled water. Since, however, the distilled water 
p&lt; ntains no mineral nutrients whatever, while the poor soil extract 
."mains some, the diminished growth in the latter must be due to 
i.1 e presence of something harmful, something that hinders the 
plant s development, even in the presence of the nutrients in the soil 
M hit ion and those stored in the seed. This simple experiment is 
;&gt; flicient to establish this, but there are a number of other observa 
tions thoroughly in accord with the conclusion stated. Dilution of 
ill poor soil extract often makes it a better medium for the growth of 
filings than the original extract. Treatment of such an extract 






Iluls. Noe. 23, 28, 36, 40, 47, Bureau of Soil*, U. S. I&gt;ept. Agr. 
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6 ISOLATION OF HARMFUL ORGANIC SUBSTANCES. 

with some absorbing agent, such as carbon black or ferric hydrate, 
wliich furnishes no mineral plant food, has the same effect. In other 
words, any treatment which dilutes the inhibitory material in the 
soil extract makes it better even when the mineral plant food is 
diminished at the same time. In further accord with these observa 
tions is the fact that the addition of certain chemicals which furnish 
no plant food often improves poor soil extracts. Pyrogallol is such 
a compound, the improvement being evidently due to some change 
in the harmful material brought about by the added compound, or 
else it enables the plant to overcome the harmful effect. 

The second proposition, viz, that roots may excrete harmful 
bodies, is based, first, on the behavior of the roots of wheat seedlings 
when grown in agar-agar in which wheat had been previously grown, a 
and, further, on the fact that from soils in which wheat and cow- 
peas had been grown until the growth was greatly diminished crys 
talline substances have been obtained which were found to be inhibi 
tory to wheat and cowpeas, respectively, when these were grown in 
water solutions of these substances. 6 These substances could not be 
obtained from these soils before the repeated growth of wheat and 
cowpeas. 

The third proposition has to do with the constituents of plants 
that on the death and decay of vegetation become part of the soil, 
in contradistinction to those which may possibly be excreted during 
the growth of the plant. The number of such compounds which 
have been studied with respect to their toxicity to plants when com 
pared with the number which may possibly find their way into the 
soil is very small, and no sweeping conclusions can be drawn as to 
what classes of compounds are and what are not inhibitory to plant 
growth. The work done, however, is sufficient to establish the fact 
that many such constituents are harmful. In view of the great num 
ber of such compounds, this work might be continued almost indefi 
nitely, but since many of these plant constituents are undoubtedly 
soon changed into other compounds in the decay which dead vege 
tation undergoes in the soil, such continuation does not seem to be 
the best way in which to attain the end which is the object of fertility 
studies, viz, profitable rotation and rational fertilization. Once it 
has been established that some plant constituents are harmful, the 
attainment of this end seems to lie in the study of such bodies as are 
actually in the soil under infertile conditions and the way in which 
they arise in the soil. 

To the three general statements made above there may be added, 
as a supplementary proposition, that the harmful compounds in soils 

Bui. No. 40, Bureau of Soils, U. S. Dept. Agr. 
b Schreiner and Sullivan, Science, 27, 329 (1908). 
cBul. No. 47, Bureau of Soils, U. S. Dept. Agr. 



THE PRESENCE OF HARMFUL ORGANIC SUBSTANCES. 7 

vhich render them infertile or "exhausted" are organic compounds. 
There are, of course, soils which are infertile owing to the presence 
f excess of mineral salts, such as common salt, alkaline carbonates 
r sulphates, ferrous compounds, etc., but where such is the case 
the cause is generally easily discernible. With conditions such as 
i hose the present studies do not deal. By inhibitory or harmful 
oil compounds is here meant that residue of the complicated proc 
esses of plant life and plant decay which becomes an integral part 
&gt;f the soil; which causes the yield,- when the same crop is grown 
continuously on some soils, to become less and less ; which often ren 
ders the application of fertilizers necessary in the presence of a suffi 
ciency of mineral plant food; which often compels the abandonment 
of the crop best suited to climate or market, or else forces a rotation 
with a less remunerative crop; which prevents the chemist diagnosing 
the cause of soil infertility by any of the numerous methods of 
analysis in use; which has rendered of no avail many elaborately 
planned plat experiments; and which is the cause of a natural suc 
cession of wild vegetation not explained by any change of soil or 
climate. 

The evidence that the inhibitory bodies which cause infertility are 
organic compounds is both direct and indirect. As indirect evi 
dence we have the absence of harmful inorganic material; the ready 
changes in many cases from harmful to nonharmful form by oxida 
tion, whether by the roots of growing plants or by cultivation; the 
similar change effected by the addition of chemicals, both fertilizer 
salts and others; the change in injurious properties in many cases 
on heating, and in other cases the carrying over of the harmful prop 
erties on distillation, or removal by burning. Finally, the fact that 
the roots of growing plants possibly excrete harmful material which 
behaves as organic matter, and the fact that many organic plant 
constituents which find their way into the soil are inhibitory to 
plants, make the conclusion as certain as one based on indirect evi 
dence can be. As final proof that there are in soils organic bodies 
harmful to plants, there is, as will be shown in the sequel, the isolation 
and identification of organic bodies from the soil which are inhibitory 
to plant growth, and which behave in solution as does the extract 
from an infertile soil. 

The end sought in this study of soil fertility is a better understand 
ing of the causes of infertility, and through this the removal, amelio 
ration, or prevention of those bad soil conditions that may be the 
proximate causes of infertility, even when the real causes are the 
compounds formed under such conditions. 
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STATEMENT OF PROBLEM. 

The extension of the investigation beyond the generalizations men 
tioned above involves, among others, three problems, each complex 
in itself. These are the identity and nature of the harmful substances 
in soils, their sources or the way in which they get into the soil, and 
finally the relation of harmful substances to each other, to nontoxic 
or even beneficial substances, and to added bodies such as fertilizers, 
both organic and inorganic. 

These problems, especially the last stated, are very complex, and it 
would seem most improbable that the practice of agriculture could 
ever become scientific, except through the complete clearing up of 
the questions involved. Every effort should be made, then, to shed 
light on the identity, source, and general properties, including destruc 
tion or alteration, of inhibitory compounds. It is only by this that 
the practice of agriculture can be placed on the same plane with 
other great industries which have profited so much by scientific 
research in the past, a scientific development in which agriculture 
has not shared to its fullest extent. 

With the first of the problems stated, the isolation, identification, 
and general properties of harmful soil compounds, the present paper 
is chiefly concerned. 

The questions which naturally arise on a first approach to this 
problem are, first, what is the origin of the organic matter in general in 
the soil, what kind of substances furnish the material out of which 
the organic portion of soils is made, and what changes or transfor 
mation does it undergo in the soil? Second, are any of the organic 
compounds which first inquiry may have shown to become part of 
the soil, or to be formed in the soil, harmful to plants in the small 
amounts in which they would probably be present ? 

If in pursuit of this second inquiry it is found that some of the sub 
stances which get into the soil, or others which we must conclude are 
formed in the soil, are harmful, a further question arises. Have any 
of these substances been found in soils, or may there not be in the 
soil other substances which, because of insufficient data, have not 
been considered at all up to this point ? The possibility of the pres 
ence in soils of compounds, of which neither the presence nor effect 
could be predicted, or even suspected, at once makes the inquiry the 
more general one, what do we know of the organic matter in the soil? 
The problem of the isolation, identification, and study of the general 
properties of organic soil compounds is, as has been stated, a complex 
one not only in itself but in its relations to other problems in soil 
fertility. 
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SOURCES OF THE ORGANIC MATTER OF SOILS. 

An essential difference between soil and a mere mass of sand or 
disintegrated rock is that the former contains some organic matter. 
The first step in the transformation of bare rock into soil must be 
accomplished by the lowest forms of plant life, which obtain the 
materials necessary for their growth and reproduction from the air, 
rain water, and mineral matter dissolved from the rock. The death 
of these furnishes organic matter which can be utilized by higher 
forms, and thus the process goes on until there is an accumulation of 
organic matter sufficient, with the disintegrated rock material, to be 
called an arable soil and furnish a medium suitable for the growth 
of higher plants and agricultural crops. When the process of soil 
formation has reached this stage the number of micro-organisms, 
which at first were probably confined to a few species, is greatly in 
creased, including bacteria and fungi of widely varying habits of 
growth and varied products resulting from this growth. There is, 
then, entering into the organic matter of a soil on which wild plants 
or crops are growing the remains of such parts of these plants as die 
and any products from the living plants. Still other compounds 
result from these through the growth of micro-organisms, by the 
oxidizing action of plant roots, by cultivation or lack of it, and by 
changes effected by fertilizers. Finally there are remains of micro 
organisms themselves. It is probable that animal remains, such as 
insects anil worms, should be accorded a more prominent place as a 
source of soil organic matter than is usually given them, for the 
amount of such material returned to the earth is very large. Earth 
worms are also an important factor, for they not only furnish animal 
remains, but much of the organic matter of plant origin is changed 
by passage through their digestive tract. 

The final result of these complicated processes, it is hardly neces 
sary to say, must be a mixture fully as complex as the processes 
through which it arises, and even when the original material has been 
similar in character the organic residue may be very different under 
varying conditions of temperature, moisture, aeration, cropping, and 
the character of micro-organisms present. 

It is usual to consider the organic matter of both plants and 
animals as made up of protein, fats, and carbohydrates, but in addi 
tion to these elements there are, particularly in plants, a host of other 
compounds not included in these groups and which are a source of no 
small part of the soil organic matter. Among these are resins, hydro 
carbons and derivatives, waxes, alkaloids, glucosides, tannins, phenols 
and their derivatives, acids, aldehydes, etc. 

When the complex molecules of proteins, fats, and carbohy 
drates break down into simpler bodies they split along the same lines 
71078 Bull. 5309 2 
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of cleavage, depending on the structure of the original molecule, be 
it through the agency of micro-organisms as in decay, the agency 
of enzymes in digestion or agents such as acids or alkalies in the 
laboratory. These simpler bodies, which are termed primary cleavage 
or degradation products, are no doubt formed in the soil as elsewhere 
as the first steps of decay. 

These primary cleavage products, however, particularly in the 
case of protein, are subject to still further decomposition through the 
same or other agencies. These secondary products are very numerous 
and of widely varying composition, structure, and, of course, chemical 
and physiological properties. To this is due the very different final 
products of decay or putrefaction under different conditions. To 
this variation in secondary decomposition products under different 
conditions of temperature, moisture, aeration, etc., the varying 
character of the organic matter in soils is probably due more than to 
differences in the plant or animal material which originally goes into 
the soil. 

The number of such secondary products that may be formed is 
very large, and includes gaseous products which are the final stages 
of the decomposition of the organic matter into its elements, and 
practically all intermediate compounds between the original complex 
molecules and the final simple compounds. In other words, there is 
a continual "building down" process from the original complex 
molecule to simpler ones and these again into still simpler molecules, 
and so on down to the elemental stages of matter. 

In addition to these various decomposition products in the soil, 
there are compounds which are built up by micro-organisms from 
the simpler degradation products. This reversal of the decomposi 
tion of the original organic matter into simpler compounds, by 
synthetic processes effected by micro-organisms, or possibly other 
agents, adds materially to the complexity of the problem. 

Among the unclassified organic compounds spoken of above, such 
as resins, terpenes, tannins, etc., are some which are very resistant 
to decomposition by the agents active in the soil, and these may often 
exist in the soil in their original condition, at least for a time. On 
the other hand a great many break down into simpler bodies, as do 
the proteins and carbohydrates. 

We have, then, as possible organic compounds in the soil, all plant 
constituents, compounds of animal origin, their degradation prod 
ucts, both primary and secondary, and also other products built 
up from these. Any attempt at complete enumeration of these 
would simply result in a long list of organic compounds with 
almost every class of such compounds known to science rep 
resented, and mention will be made here of but a few of the 
more prominent ones. Proteins, which are present in all parts 
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of living phuiN. MIC complex compounds the constitution of which 
has not vet horn established. Those in decay, as has already been 
stated, break down into simpler bodies, most of which have been 
thoroughly studied and their composition and constitution well 
established. Among these simpler bodies, which are nearly all 
nitrogenous, may be mentioned glycoeoll, asparagine, alanine, leucine, 
phenylalanine, tyrosine, arginino, histidine, and lysine. Fatty acids 
may be present in plants either as free acids, in combination with 
glycerol as glycerides, or as part of the more complex molecule of 
lecithins. Stearic and oleic acids are present in some of these forms 
in nearly all plants, and there are in addition to these a large number 
of other fatty acids the distribution of which is in many cases limited 
to a few related species of plants. The composition and constitution 
of these is known in most cases, but with the exception of lecithins 
these fatty bodies are not so readily subject to breaking down in 
decay as are the proteins, and there is much less known of the pro 
ducts of such breaking down. The lecithins in breaking down give 
rise also to another class of bodies choline, neurine, and betaine all 
being well-known definite organic compounds of a basic nature. 

The numerous substances formed during plant growth which are 
generally regarded as nonessential in the economy of the plant 
furnish a large amount of soil organic matter and include a large 
number of well-defined organic compounds. Among these are the 
alkaloids, terpenes, phenols, vegetable acids, and derivatives of these 
bodies. The composition and constitution of many alkaloids is well 
established: a large number being pyridine or quinoline derivatives, 
readily break down into simpler bodies like the pyridine or quino 
line carboxvlic acids, themselves well-defined compounds. The 
terpenes constitute .another class of this kind, being widely dis 
tributed and including a large number of compounds, the composi 
tion and constitution of which is well known. Pyrocatechol, vanillin, 
cumarin, coniferin, and vegetable acids such as oxalic, citric, tartaric 
may be cited as examples of other well-known plant constituents. 

It is evident from this brief survey of this phase of the problem 
that although the organic matter which goes into the soil is of anex- 
ceedingly varied and complex character, and that which forms in 
t lie soil may be even more so, there is considerable definite information 
available regarding the character of some of it. A great number of 
plant constituents, as well as the bodies to which they give rise on 
decay, are well-known definite chemical compounds. Some of the&gt;&lt;&gt; 
MilManc -os it requires no argument to prove get into the soil on the 
death &lt;&gt;f the plants containing them; others may be assumed to be 
formed in the soil. The question no\v arises, are any of tlie&lt;e 
harmful to plants in the comparatively small quantity in which we 
might expect them to be present in 
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EFFECT OF CERTAIN ORGANIC COMPOUNDS ON PLANTS. 

There is in the literature considerable information regarding the 
injurious effects of various organic compounds on fungi, bacteria, 
algge, and some of the higher plants, but for the most part these inves 
tigations have been purely physiological and have had no reference to, 
or direct bearing on, agricultural crops or soil studies. Either the 
compounds tested have no soil interest, the plants were lower forms, 
or the measure of inhibition or injury was based on some special 
function of the plant and not the general one of plant development. 

It is not difficult to account for the dearth of data on the injury 
from organic soil compounds. The prominence given the mineral 
plant food theory of Liebig and the exclusion of almost every other 
consideration in dealing with the unproductiveness of soil brought 
about such a condition that from Liebig s time to the present the 
idea that organic compounds inhibitory to plant growth might be 
factors in the infertility or exhaustion of soil had practically no place 
in the philosophy of agricultural chemists. 

Practically all that is known regarding the harmful effect of the 
organic compounds which get into the soil, or may arise in the soil, 
has been presented in another bulletin. The most important point 
at least in this connection established by the investigations there 
reported is that many of the possible organic soil compounds are harm 
ful to plants, some in very small amounts. 

From these investigations no general conclusions regarding the 
connection between effect on plants and chemical constitution were 
drawn, nor are the data sufficient to form the basis of any complete 
classification of such bodies. However, the establishing of a relation 
between effect and chemical constitution was not the object of these in 
vestigations, but rather to determine whether some plant constituents 
which get into the soil or compounds which may arise from them in 
the soil, are harmful to plants, in small amounts. This has been 
abundantly proven. It is also a matter of everyday observation that 
material containing many of the compounds found harmful is constantly 
being added to the soil. Many of the protein decomposition products, 
such as asparagine and leucine, not only are not harmful but appear 
to act as plant nutrients; others again, such as tyrosine, are injurious 
in quite small amounts. Choline was found to be harmful only in rel 
atively high concentration, while the closely related neurine was inju 
rious in concentrations very much less, and betaine, also closely related 
to both, was innocuous. The most markedly harmful bodies were 
found among those deposited within the plant but apparently not a 

a Bui. No. 47, Bureau of Soils, U. S. Dept. of Agr. 
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part of the life &lt;&gt;f the plant. Arbutin, vanillin, cuniarin, briiotropine, 
esculin, terpenes, all of which arc found to be very injurious, belong 
to this class. 

Although there may be many plant constituents which are harmful 
to plants, and although it is evident that many such plant constitu 
ents must get into the soil on the death of vegetation, it would seem 
probable that some of them would be soon changed or destroyed by 
agents active in the soil so that they could not properly be consid 
ered part of the soil nor as factors in soil fertility. Others, however, 
might persist, since they are likewise strongly poisonous to lower forms 
of life and not readily oxidized for a longer or shorter period of time 
under certain soil conditions. This brings up another inquiry. 
Have any of these plant constituents or known derivatives, which 
are injurious and which are known to get into the soil, actually been 
separated from the soil? May there not be in the soil harmful or 
ganic compounds, the presence of which is not suspected or can not 
be predicted ? These two questions involve a discussion of our knowl 
edge of soil organic matter, first regarding the presence or absence of 
known compounds and second as to the possible presence of other com 
pounds which could not have been suggested by the knowledge of the 
origin of soil organic matter. 

PREVIOUS ATTEMPTS TO ISOLATE ORGANIC SOIL COMPOUNDS. 

The first part of this inquiry can be very shortly disposed of. 
There is no record in the literature of any of these plant constit 
uents that must get into the soil, or of any compounds that might 
be expected to be formed from them in the soil, ever having been 
isolated from any soil. This can not, however, be taken as evidence 
that these may not be present, for there is also no record that any 
individual members of this class have been especially or consistently 
sought for. There are, moreover, as will be shown in subsequent 
pages, such difficulties involved in this search that in man} cases 
failure to find, by methods commonly used, would not be proof of 
their absence. The second phase of this question necessarily involves 
a somewhat full survey of the literature bearing on the subject and 
an examination of the claims to recognition of compounds described 
and named in the literature. This survey will serve as a guide in 
a systematic search for such soil compounds as are harmful to 
plants and, moreover, is essential to a thorough understanding of the 
complexity of the problem in hand and its relation to other problems, 
and furnishes a basis for attacking this complex problem with a 
iva^niiable hope of solving some of the intricate questions of il 
fertility. 
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SEPARATION OF SO-CALLED HUMUS BODIES. 

Probably the majority of agronomists, soil chemists, and students 
of soil fertility in general associate soil organic matter with the 
term "humus" and -with humus only. With some there is the 
assumption that, when speaking of a soil, humus and organic matter 
are synonymous, and that any organic matter in the soil not humus 
is simply the undecomposed remains of plants and animals which 
have not yet reached the stage of decomposition where they can be 
properly considered a part of the soil. With others there is the 
assumption that, although there may be organic matter in the soil 
not humus, it is of such composition or form that it plays no part in 
the fertility of the soil, having a purely physical effect. Neither of 
these assumptions is warranted, as will be shown. 

The term "humus," as originally used, had no especial agricul 
tural or scientific significance, being simply another name for dark- 
colored vegetable mold and later applied to this mold material as 
a constituent more or less of all soils. 

The term has now a more restricted meaning, especially as used 
by agricultural chemists, being applied more exclusively to the 
dark-colored organic matter extracted from soils by dilute solutions 
of sodium or ammonium hydrate and often called " humic acid." It is 
generally conceded, even by those prone to regard humic acid and 
allied acids as definite organic bodies, that the organic extract so 
obtained is a complex mixture and the method of determining 
humus in use to-day, which is essentially that of Grandeau, is 
merely an empirical method of determining a portion of the organic 
matter in the soil. Klaproth b or Thomson c applied the name 
"ulmin" to dark-colored amorphous bodies such as those obtained 
by Vauqulin d from the bark of diseased elm trees. Sprengel, 6 
who obtained similar bodies from soils ^ applied to these the name 
"humic acid." In 1838 Berzelius/ evidently with the general 
meaning of the term "humus" in mind, used the term "humin" in 
describing certain dark-colored constituents of vegetable mold. 
Following this use of the term "humin," as applied to what was 
considered to be a definite organic body, a number of other workers 
took up the study of similar bodies and a number of other terms more 
or less related soon appeared. This group of workers included 



"Traite d analyses des matieres agricoles, p. 148, Paris, 1877. Bui. No. 107, 
Bureau of Chemistry, U. S. Dept. Agr., p. 19. 

&De Candolle, Pflanzen-Physiologie, I, 279 (1833). 

cJour. prakt. Chem., 21, 325 (1840). 

&lt;*Ann. Chim., 21, 39 (1797). 

*Bul. Soc. Chim., 10, 173; De Candolle, Pflanzen-Physiologie, I, 280 (1833). 

/Poggendorff s Ann., 44, 375 (1838). 
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Braconnot, Miix hfilidi, lioulluy/ Malaguti, d and Mulder. The 
terms applied to humiislike bodies which have appeared more or 
less in the literature from that time to the present are associated 
for the most part with Mulder s name. Mulder had very definite 
ideas regarding the chemical individuality of these bodies. For 
instance, he says: 

At present seven different organic substances are known to exist in the soil. They 
are crenic acid, apocrenic acid, geic acid, humic acid and humin, ulmic acid and 
ulmin. 

These bodies he divided into two groups, one group consisting of 
crenic and apocrenic acids, the other group embracing all the others. 
As has been said, many of these terms, particularly humic acid, have 
come down through the literature of agricultural chemistry to the 
present and are now used with some writers at least with the same 
faith with which Mulder used them. According to Mulder these 
seven organic bodies found in soils were intimately related/ and five 
at least were five distinct steps in the decay of organic matter in the 
soil. He regarded ulmic acid as the first step in this decay; this on 
further oxidation yielded humic acid and this in its turn, on still 
further oxidation, geic acid. Continued oxidation produced apo 
crenic and finally crenic acid. He ascribed to these the following 
formulas: 1 Ulmic acid, C 40 H U O 12 ; humic acid, C 40 II 12 O 12 ; geic acid, 
C 40 II 12 O U ; apocrenic acid, C 48 H 12 O 24 ; and crenic acid, C, 4 H 12 O lfi . 

All this reads as though the matter were very simple, but the truth 
is that, although Mulder may have been in many ways in advance of 
his time, he was not able at a time when organic chemistry was in its 
infancy to clear up in so simple a manner one of the most complicated 
problems this branch of science has to deal with, viz, the composition 
of the organic matter in the soil. 

Early investigators, including Mulder, soon found that sugar, 
starch, carbohydrates generally, and even albuminous bodies, when 
treated with strong acids or alkalies gave rise to dark-colored com 
pounds having the same general appearance and properties as the 
humus bodies arising in the soil through decay. The same names 
were applied to these compounds and there was a general assump- 



"Ann. Chim. Phys., 12, 191 (1819). 
& Ix&gt;hrbuch, 3rd edit., I, p. 534. 
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* IMC. cit., pp. 150 and 162. 

These formulas are on the old basis and to be modernized the hydrogen should be 
doubled. 



16 ISOLATION OF HARMFUL ORGANIC SUBSTANCES. 

tion that those in the soil and those produced in the laboratory were 
the same. As the number of investigators increased there soon arose 
disagreements regarding the composition of some of these, par 
ticularly humic acid, from several sources, it being found that the 
carbon content of these different preparations varied quite widely. 
Mulder attempted to reconcile such conflicting figures by showing 
that there were several kinds of humus and humic acids different in 
their character and fixed in their composition. 

He held that the different humic acids might have a different com 
position due to the presence of one or more molecules of water so 
held that it could not be driven off at 140 C. For instance, he gives 
the following formulas : b 

Humic acid from sugar: C 40 H 12 O 12 . 

Humic acid from hard turf: C 40 H 12 12 +3HO. 

Humic acid from an arable soil: C4oH 12 O 12 +4HO. 

One of the points of issue between these early investigators was 
whether humic acid and allied bodies contained nitrogen as a com 
ponent. Mulder held that nitrogen was not a component of these 
bodies but was present as ammonia, that is, the acids were present 
in the soil as ammonium salts, c and in this connection he says : 

In a good arable soil that is, one in which the organic constituents are as far as 
possible decomposed none of these substances contain nitrogen as a constituent 
element; all their nitrogen exists in the state of ammonia. 

Detmer came to the opposite conclusion d on this point, claiming 
that the nitrogen in humic acid as obtained was present in organic 
combination. His conclusion was based on the fact that his humic 
acid, containing nitrogen, when treated with potassium hydrate gave 
off no ammonia, and only a small amount of nitrogen w T as given off in 
treatment with alkaline hypobromate. Later, however, Detmer 
stated that humic acid could be purified and obtained nitrogen free. e 

He gave for the acid the formula C 60 H 54 O 27 and also gave the fol 
lowing formulas for salts: C 60 H 46 O 27 Ca 3 (NH 4 ) 2 , C 60 H 40 O 27 Fe 2 (NH 4 ) 2 , 
C 60 H 46 O 27 Ag 8 . 

From time to time there have been reported since the preliminary 
work outlined above, descriptions and formulas for humic acid and 
related bodies, the net result being about as many formulas as 
investigators, the only agreement being a general one of source, 
preparation, and somewhat vague properties. 



a Bui. Sc. Phy. et Nat. Neerl., 1840, pp. 1-102. 

b The Chemistry of Vegetable and Animal Physiology, p. 154. Formulas on the 
old basis of 0=8. 

c Loc. cit., p. 146. Chemie der Ackerkrume, II, 256 (1862). 
d Landw. Vers.-Stat., 14, 248 (1871). 
e Jahresb. Fortech. Chemie, 1873, p. 844. 
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Ulinic acid, according to Ifaiaguti " had the formula C 12 H,,O 6 . 
Stein 6 ascribed to the huniuslike bodies obtained by the action of 
hydrochloric acid on sugar the formula C M II W O U . Leforf obtained 
from rotten wood a humic acid to which he ascribed the formula 
C M II, 3 O I7 . Liebmann and Lettmayer d obtained what they claimed 
was the ammonium sodium potassium salt of humic acid. The 
humic acid prepared from this by precipitation contained carbon, 
:&gt;:i.(\ per cent, and hydrogen, 4.9 per cent. Thenard e prepared 
what he claimed was pure humic acid free from nitrogen and ash and 
gave the formula C M IIi O I0 . Mayer/ obtained from Dopplerite a 
humic acid having the formula C, 7 I !,(),,. Demel^ described the 
calcium salt of a humic acid having the formula C M H n CaO lt . Con 
rad and Guth/eit * obtained by action of acids on carbohydrates a 
humic acid containing 62.3 to 66.5 per cent carbon and 3.7 to 4.6 
percent hydrogen. Iloppe-Seyler described humic acid obtained 
from brown coal which had the formula C W II M O 10 ; but as the barium 
salt showed the composition BaC^IL/),! he considered the body 
obtained as the anhydride of an acid C, t! II, 4 O u . Berthelot and 
Andre- by the action of hydrochloric acid on sugar obtained a humic 
acid to which they gave the formula C 1H II 1H O 7 . This, they claim, 
when heated to 110 C. gave an anhydride 0, S II U O (( . They further 
described the properties of this body* and stated that it was of the 
nature of a lactone. 

As has already been stated, the object in reviewing the literature 
on this soil organic matter is for the purpose of arriving at some con 
clusion regarding the availability of such information as may be 
found there as a guide in a systematic search for such soil compounds 
as are harmful to plants. In other words, the chief concern at this 
stage of the present inquiry is the names and composition of humus 
bodies as definite organic compounds and their claim to recognition 
as such, rather than the broader question of the source and method 
of formation of such bodies and their relation to other bodies in the 
soil. 

Leaving discussion of the results obtained by the workers quoted 
for subsequent pages, it is not out of place here to note that the most 
conspicuous feature of this work is the discordant results obtained 
for bodies bearing the same name and often from the same source. 

During the period when the early work on humus bodies was being 
carried on, there was begun an investigation along another closely 

o Ann. Chim. Phys., 59, 407 (1835). 9 Monateh. Chem., 3, 763 (1883). 

&AIIII. Chem., 30, 84 (1839). A Her. chem. Ges., 19, 2850 (1886). 

/oit.srh. Chem., 1867, p. 669. Zeitsrh. physiol. Chem., 13, 10!) (1889). 

&lt;*l!ir. chem. GCH., 7, 408 (1874). Mini. Chim Phys., 25, 364 (1892). 

Juhnwb. Fortach. Chem., 1876, p. 878. * Coinpt. rt-ud., 141, 433 (1905). 
Undw. Yeix.-Stat., 29, 313 (1883). 
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related line, although at first sight this close relation might not be 
apparent. This was the study of the coloring matter in urine, either 
under normal or pathological conditions, or produced by chemical 
treatment. 

The early work on this subject was, as might be expected, rather 
crude, and each investigator obtained different results and gave 
different and sometimes somewhat fanciful names to what they 
regarded as definite compounds. Udranszky in 1887 gathered 
together the loose ends left by these investigators and as a result of 
his own work stated that the darkening of urine on boiling with 
acids was due to a humuslike body formed from the reducing 
substances in the urine. Following this came the work of Hoppe- 
Seyler b and Schmiedeberg c along closely related lines and it soon 
came to be recognized by physiological chemists that plant or 
animal tissues or fluids, if they contain a carbohydrate group, 
either free or as part of a more complex molecule, will, if heated with 
strong acids, give rise to bodies of a humus nature. Schmiedeberg 
drew attention to the fact that the humus bodies so formed resemble 
in appearance, properties, and composition the bodies known as 
melanins and proposed for the artificially prepared bodies the name 
melanoidins. 

The melanins are dark-colored amorphous pigments found in hair, 
skin, and the choroid coat of the eye and in pathological tissues such 
as sarcoma. They always contain carbon, oxygen, and nitrogen, 
and generally either iron or sulphur or both. They all agree in high 
carbon and low hydrogen content, but otherwise the composition varies 
according to the source. They do not give any of the reactions for 
proteins, nor so far as known any other special reactions. They are 
soluble in alkalies and are precipitated from such solutions by ackls. 
In this, in general composition, color, and the absence of any distinc 
tive reactions, the resemblance between the melanins and the humus 
bodies of the soil lies. The decomposition products of the melanins 
have been studied especially by Zdarek and Zeynek, d Berdez, 
Nencki and Sieber, 6 and Hoppe-Seyler/ but it is thought by some 
that the derivatives found by these may have been impurities in the 
original material examined. In any case there is at present no knowl 
edge of the constitution of these bodies, nor even is it known whether 
they are mixtures or a group of closely related bodies. Spiegler^ 

Zeitsch. physiol. Chem., 11, 537 (1887); 12, 33 (1888). 

b Zeitsch. physiol. Chem., 13, 66 (1889). 

&lt;-Archiv. exper. Path. u. Pharm., 39, 1 (1897). 

d Zeitsch. physiol. Chem., 36, 493 (1902). 

e Archiv. exper. Path. u. Pharm., 20, 346, 362 (1885); 24, 17 (1888). 

/Zeitsch. physiol. Chem., 15, 179 (1891). 

^Hofmeister s Beitr., 4, 40 (1903). 
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has pointed out that the melanins may show quite different chemical 
reactions from the melanoidins. 

The identity of melanins or natural pigments of animal origin with 
melanoidins or humus bodies is as yet undetermined, as might well he 
the case with what, so far as our present knowledge goes, may he 
mixtures of several amorphous bodies. The fact remains that these 
two groups of bodies are evidently closely related, and this con 
vergence of two separate lines of investigation, one purely physiolog 
ical and the other agricultural, till they meet in bodies closely related, 
if not identical, is of great interest. 

Recent work on humus bodies is not very extensive, but what there 
is tends largely to discredit the claims of the bodies described by 
earlier workers to recognition as definite chemical compounds. For 
instance, Post a and Muller b point out that the humus bodies obtained 
from soils are often the chitin remains of insects, or the excrement of 
animals, and Korst yschefT f that these humus bodies may often be 
remains of bacteria and molds. In 1904, Malkomesius and Albert* 1 
published analyses of liuinic acids, so called, including the prepara 
tions of Merck and Krantz and a natural deposit known as Tassel 
brown. The figures obtained by them for hydrogen and carbon 
were approximately the same as those obtained by Detmer for humic 
acid from turf already quoted. Schermbeck/ however, shows that 
the material analyzed and called humic acid by these authors was in 
large part a mixture of waxes and resins. As evidence of the vari 
ability of the so-called natural humus bodies the work of Cameron 
and Breazeale? may be cited, showing that the carbon in humus ol&gt;- 
tained in the usual way from a number of typical American soils 
varied in carbon content from 33., i per cent to 50 per cent. 

Two papers have recently appeared presenting research work on 
humus bodies which are particularly valuable contributions to our 
knowledge of these bodies, in that the problem is attacked from new 
points of view, and by methods not heretofore utilized in the study 
of these bodies. 

Suzuki 1 reports results obtained by treating nitrogen-containing 
humic acid from different sources with boiling hydrochloric acid and 
then subjecting the solution obtained to esterification and fractional 
distillation according to the method of Fischer. 1 By this treatment 

"Landw. Jahrbiichcr, 1888, p. 405. 

b Studien fiber die natiirlirhen Humutrformen, Berlin, 1887, p. 173. 
e Annalea Agronomiquee, 17, 17 (1891 . 
dJour. prakt. I horn.. 70, 509 (1904). 
Jahresb. fiber Forttrh. Chem., 1873. p. 844. 
/Journ. prakt. Chem., 75, 517 (1907). 
0Juur. Am. Chem. S&lt;x-., 26, 43 (1904). 
* Bui. Coll. Apr., Tokyo, 7, 513 (1907). 
Zeitoch. phyniol. Chem., 33, 151, 412 (1901). 
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he separated and identified the esters of most of the monamino and 
diamino acids and other decomposition products obtained on boiling 
protein bodies with acids and in addition .obtained a quantity of 
unidentified acids. The conclusion drawn from this w r ork is that humic 
acid consists for the most part of an insoluble body of a protein 
nature and that amino bodies are not present as such. The latter 
part of this conclusion would seem not to be warranted by the work 
as stated. It is quite possible for some of the decomposition 
products which were obtained to have been present, though doubt 
less in smaller amounts, in the humic acid before treatment with 
boiling acids and to have escaped detection by the tests made. 
The work, however, does prove that the humic acid examined by 
him was either of protein nature, a mixture of protein decomposi 
tion products, or probably both, together with some as yet unknown 
bodies. 

In a paper on the chemistry and physiological action of the humic 
acids Robertson, Irvine, and Dobson report investigations into the 
chemical composition and constitution of humic acids. These authors 
obtained four preparations of humic acid two natural, from peat by 
treatment with ammonium and potassium hydrate, respectively, and 
two artificial, by boiling sugar with hydrochloric acid and treating 
portions of the brown amorphous material so obtained with ammonia 
and potassium hydrate. They found some difference in composition 
of the natural preparations, that obtained through ammonia contain 
ing 54.24 per cent carbon, while that through potassium hydrate con 
tained 56.67 per cent. The artificial preparations were almost 
identical in composition, except that the one obtained through am 
monia contained 0.76 per cent nitrogen, while the other was nitrogen 
free. This nitrogen the authors speak of as combined, an assumption 
which, in view of the great absorptive power of humus bodies for 
ammonia, is not warranted in the absence of direct evidence of such 
combination. In these preparations the authors determined meth- 
oxyl, CH 3 O, by the method of Zeisel 6 and found such a wide dif 
ference between the natural and artificial preparations in this re 
spect that the only conclusion justified is that there are important 
differences in constitution, despite the general agreement of proper 
ties and composition. In the humic acid from peat 1.71 to 2.47 
per cent CH 3 O was found, while in that from sugar 6.47 per cent was 
obtained. 

Considerable space in this paper is devoted to a discussion of 
the empirical formula of humic acid, but the discussion is based on 
the assumption that the bodies obtained in the manner stated and 
called humic acid are definite organic compounds, an assumption 
which is, as will be shown, questionable. 

Bio-Chem. Jour., 2, 458 (1907). t&gt; Mouatsh. Chem., 0, 989 (1885). 



DISCUSSION OF \VORK &lt;&gt;\ | 
DISCUSSION OF WORK ON HUMUS BODIES. 

These results, obtained by investigations scattered over the lust 
seventy years results in many cases widely at variance with one 
another and viewed as a whole disconnected and fragmentary are all 
that the student of the present day has presented to him in answer 
to the question, What do we know of humus organic matter in thesoil? 
How much of this is true, how much erroneous, what shall he ac 
cepted and what rejected, are obviously questions that must he met at 
the outset. This has been met either consciously or unconsciously 
by all workers or writers in agriculture, in ways which may he 
summed up as follows: 

A few agricultural writers accept some of the original names 
applied to humus bodies, notably humic acid, ulmic acid, and ulmin, 
and these names they use as though they were definite bodies of well- 
established composition and constitution. Then 1 is probably in the 
minds of these writers no definite idea of composition or constitution, 
or even any thought given to that- side of the question, but the terms 
are used consistently and humates and ulmates are spoken of with 
the same certainty that one might speak of oxalates or citrates. 

Other writers, the majority probably, if they have to speak of 
humus bodies as a class, state that they are probably complex mix 
tures of little-known bodies, but when they treat the broader subject 
of plant food and the function of humus in the soil they inconsistently 
speak of humates, ulmates, etc., with the same assurance as the 
first class. 

A third class holds that the names applied by Mulder to humus 
bodies are names only; that the acid character of these so-called acids 
has never been demonstrated: and further, that there is no evidence 
that the bodies so designated are definite compounds, but rather in 
most cases that they are complex mixtures. The statement by Came 
ron and Bell" puts the case concisely, The existence itself of these 
acids bus never been demonstrated * * * No sat isf acton" descrip 
tions of the physical or chemical properties of these supposed acids, 
their salts, or characteristic derivatives, have been recorded." ami 
this view can not be too strongly emphasized. Most physiological 
chemists, to whom the unknown constitution and uncertain compo 
sition of humus bodies or melanoidins is the most prominent charac 
teristic, not to speak of the resemblance to melanins, also bodies of 
unknown constitution and variable composition, likewise concur in 
this view. 

Very brief consideration of the status of organic chemistry at- 
that early time and of the enormous advance made since then, an 
advance which has given nearly all knowledge included in that 

" llul. No. :&gt;, Hun-au .f Soil.-, I*. S. Dept. A K r., p. 39. 
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branch of science at the present time, can not fail to convince one of 
the futility, not to say absurdity, of accepting unchallenged the find 
ings of these early workers. Organic chemistry at that time was 
essentially elementary analysis the determination of carbon, hydro 
gen, oxygen, and other elements and observations on the ordinary 
physical properties of organic bodies. All other methods depended on 
at the present day for establishing the identity of organic compounds 
were unknown. The records of this early work give meager, if any, 
information regarding crystalline form of bodies themselves, or of 
their derivatives, and any mention of melting point or boiling point 
is lacking. All the present methods of addition, substitution, etc., by 
which organic compounds are arranged in classes according to struc 
ture were unknown or not recognized at their true value. Isomerism 
was not recognized and modern methods of molecular weight deter 
mination were not in use. It made no difference whether a body was 
amorphous or not, it was only necessary to have a mixture of bodies 
which remained somewhat constant through simple solution and 
precipitation, to find its percentage composition of carbon, hydrogen, 
and oxygen, record some of its common physical properties, and give 
it a name according to the fancy of the investigator, and. it was estab 
lished as a definite organic compound. If this body or mixture of 
bodies gave a precipitation with some mineral or alkaline earth, the 
precipitate was regarded as a salt and the organic mixture so pre 
cipitated was called an acid. Chlorophyll, protein, casein, gelatine - 
bodies regarding which our knowledge at the present day is very 
incomplete were spoken of by Mulder and his contemporaries with 
the same certainty they assumed in regard to oxalic or citric acid, 
simply because they had all been subjected to elementary analysis 
and their common properties observed. 

The striving of some of these early workers after simple relations 
between organic compounds based simply on elementary composition 
is one of the most prominent features of their work, and in this effort 
to classify compounds the statements they were led to make regarding 
bodies which we now know stand in no such relationship as they 
supposed is perhaps one of the best illustrations of the primitive 
nature of organic chemistry at that time, and a very convincing argu 
ment against accepting any of their work, unless verified in the light 
of our present knowledge. Speaking of vegetable acids, Mulder says : a 

Some acids exist in fruits, and it is worthy of remark that these bear all a simple 
relation to one another. 

Citric acid, C 4 H 2 O 4 X3=C,,H 6 O 1 ,. 
Malic acid, C 4 H 2 4 X2=C 8 H 4 O 8 . 
Tartaric acid, C 4 H 2 O 5 X2=C 8 H 4 O 10 . 
Protartaric acid, C 4 H,O 5 . 



The Chemistry of Vegetable and Animal Physiology, trans. Fromberg, 1849, 
p. 805. 
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Again, in shaking of "gelatine sugar":" 

Sulphuric acid when acting on gelatine forum u kind of wugar containing nitrogen, 
represented by C g II 9 N.,O 7 ; if from thin we subtract ( 9 iI 5 Oj = J equivalent of cane 
sugar, there remains C.,II 4 X ; ,O ; ,=urea, 

a straining at a relationship between unrelated compounds which 
appears absurd to us now, but which is based on exactly the same 
kind of data and methods of reasoning as the relations stated to 
exist between ulinic, hiimic, and geic acids. 

There is no reason to suppose that these early workers were not 
competent to perform elementary analyses, and the figures given for 
percentage composition may be received as accurate for the material 
analyzed, but there the accuracy stops. There is no reason for accept 
ing the formulas given or for the assumption that the bodies examined 
are definite compounds. In fact, there is abundant evidence that such 
is not the case. There is, first, the amorphous, ill-defined nature of 
the bodies in question, not established as homogeneous by many 
modern methods available for such purpose; then the various and 
discordant figures for percentage composition obtained by different 
workers for what was supposed to be the same bodv; some evidence 
already quoted, obtained by workers of the present day, that these 
bodies really are mixtures; and, finally, very simple experimental evi 
dence establishing this fact by which anyone can easily satisfy him 
self. If humus bodies be prepared from a soil in the usual way by 
extracting the soil with dilute alkali and precipitating these bodies 
from the solution so obtained by acid, there results, on thoroughly 
washing this precipitate, a body or mixture containing carbon, hydro 
gen, oxygen, nitrogen, and some ash ingredients. If this precipitate 
is again dissolved in alkali and precipitated again, there is obtained 
a mixture containing carbon, hydrogen, oxygen, and nitrogen in 
quite different proportions from the first precipitate. This can be 
repeated again and again, each time obtaining different results as to 
elementary composition. It is of interest to note in this connection 
that if this be repeated several times a point is reached where the 
humus precipitate becomes colloidal and passes through the filter. 
It is evident that by this procedure one could obtain as many 
humic acids as there were stages in the operation, although the 
composition varies less and less as one proceeds. In reality, the 
first precipitate is a mixture, and some of the bodies which seem 
to be held absorbed in this precipitate are removed by the sub 
sequent operations and appear in the filtrates. This phenomenon 
is similar to that met with, for instance, in the analysis of the 
hydrochloric acid extract of a soil. In this case the bulky gelatinous 
precipitate of iron and alumina hydrates retain some of the lime, 
and this can not be removed by washing, but can be removed by dis- 

"Loc. cit., p. 233. 
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solving the precipitate in acid and reprecipitating. Again, if tho first 
precipitate obtained as above, the so-called huinic acid, be treated * 
with solvents, such as alcohol or ether, it is easy to obtain therefrom * 
bodies or mixtures of quite different composition and properties from 
the original mixture. Further, in the case of the so-called artificial 
humic acid, for instance, that produced on heating sugar with hydro 
chloric acid, the composition of the resulting dark-colored amor 
phous body varies quite widely as influenced by concentration of the 
acid or length of time of heating. 

The only conclusion, then, that can be reached from this survey of 
the literature is that humic acid and allied bodies are mixtures of 
unknown compounds, and that if there is a single compound making up 
the major portion of the so-called humic acid, it is as yet of unknown 
composition, constitution, and properties, and that these bodies, 
whatever they may turn out to be, may be denned as those dark- 
colored amorphous compounds arising in soils through the decay of 
organic matter. In this group, then, would be included those soluble 
in alkalies, the so-called ulmic and humic acids, and also those insolu 
ble in alkalies, known as ulmin and humin. 

As doubtful as is the constitution or even composition of these 
supposed bodies, even more so is their action, harmful or otherwise, 
on plants, and no further discussion is called for by the purpose 
and scope of the present bulletin. 

SEPARATION OF NONHTJMUS BODIES. 

The knowledge to be gleaned from a survey of the literature, of 
compounds other than these dark-colored mixtures discussed above is 
somewhat more definite in character. Crenic and apocrenic acid are 
the only nonhumus bodies recognized by Mulder and others of his 
day. These acids were first described by Berzelius and further 
described by Mulder. The status of these bodies is exactly that of 
humic acid and other soil bodies described by Mulder, and all that 
has been said regarding the one class may be applied to the other. 
There is no evidence that any such definite organic compound of the 
composition and properties described exist in soils. 

The possibility of there being other organic nonhumus bodies than 
these was early recognized, and, as has already been noted, played a 
part in the early discussion whether humic acid contained nitrogen 
as a component. It was not, however, until comparatively recent 
times that anything definite appeared along this line, and all the 
information so far obtained and suggested centers around the organic 
nitrogenous compounds. Among workers who contributed to the 
literature on the question of the character of the nitrogen in humus 
bodies may be mentioned Loges, 6 who found that a hydrochloric 

" Pogg. Ann., 29, 1 (1833). b Landw. Vers.-Stat., 32, 201 (1880). 
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acid extract of a soil contained a nitrogen-holding humus body which 
yielded a precipitate with phosphotungstic acid, and Eggertz, who 
found from analyses of thirteen samples of humus that the nitrogen 
content varied from 2.59 per cent to 6.43 per cent, and that it was 
present in organic combination, not as ammonia. This conclusion 
he based on the fact that the nitrogen could not be removed by re 
peated solution in alkali and precipitation with acids. The proba 
bility of the presence in soils of organic nitrogenous compounds not 
in combination with the humus apparently received very little atten 
tion until quite, recently. 

Baumann* in 1SS7 suggested the presence of amino compounds in 
soils, basing the suggestion on the fact that on boiling soils with 
hydrochloric acid, ammonium compounds not originally present are 
formed. Berthelot and Andre concluded from their investigations 
that the nitrogenous compounds in the soil were chiefly insoluble 
amids which are easily split into ammonia and soluble amids. War- 
rington d demonstrated the presence of small quantities of soluble 
amids in soils, and Sestini showed that at least a portion of the soil 
nitrogen was present as amino acids. Dojarinko f obtained from Rus 
sian black soils large quantities of amino nitrogen. In 1905 Shorey? 
published results obtained by the application of the methods of 
Ilousmann, A as modified by Osborne and Harris, to soil. The object 
of this method is a classification of the decomposition products ob 
tained on boiling protein with strong acids and the results obtained 
indicate the presence of some of these. decomposition products or com 
pounds which give rise to them on boiling with acid. None of these 
investigations deal with the isolation or identification of any definite 
amino compound, but are merely attempts to classify a portion of the 
organic matter, and serve as vn indication of what might be found in 
the soil, and neither the results obtained nor the methods used need 
be commented on here. 

Considering now nitrogenous compounds not of an amino nature, 
Berthelot and Andre &gt; obtained results on the distillation of soils 
which suggested to them the presence of a pyridinc compound. 

" Meddelanden fran Koni^l. Landbruks-Akademiens Experimentalfalt. Stock 
holm, 1888, pp. 1-66; Contrail;!, f. Ar. Thorn., 1H89, p. 75. 
b Landw. Yers.-Stat., 33, 247 (1887). 
Compt. rend., 103, 1101 (1886). 
&lt;* Chem. News, 55, 27 (1887). 
e Landw. Yers.-Stat., 51, 153 (1899). 
/ Landw. Vers.-Stat., 66, 31 1 (1902V 
V A&lt;;r. Invest. Hawaii in 1905, Report of Chemist, p. 34. 
* Zeitsch. physiol. Chem., 27, 95 (1899). 
Jour. Am. Chem. Soc., 22, 323 (1900). 
i Compt. rend., 112, 598 (1891). 
71078 Bull. 53 09 4 
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Recently Shorey a has isolated from an Hawaiian soil a pyridine 
compound, picoline carboxylic acid, which appears to be the first iso 
lation and identification of a definite crystalline organic compound 
from a soil. 

Of the isolation of nonhumus compounds not containing nitrogen 
there is no mention in the literature except statements that humic 
acid, as originally obtained, often contains waxes and resins, and that 
compounds like acetic acid, formic acid, alcohol, etc., have been 
detected. 

Summing up this survey of the literature, it might be stated that 
the most conspicuous feature is lack of specific knowledge concerning 
the organic matter of the soil. The humus bodies are a group of 
compounds of unknown composition and constitution, some of which 
seem to resemble the natural animal pigments known as melanins, 
themselves bodies of indefinite composition and unknown constitu 
tion, apparently of a protein nature. There is some evidence that 
amino compounds are present in certain soils, but beyond this there 
is no knowledge what members of this large group of nitrogenous 
bodies may be present. The presence of waxes, resins, and other 
difficultly decomposable plant residues is indicated, and finally there 
is the isolation of a single nitrogenous compound picoline carboxylic 
acid, which doubtless constitutes but a very small portion of the 
organic matter. 

It may not be out of place to remark that this ignorance concerns 
an important soil ingredient, the presence of which makes soil out of 
what would otherwise be rock powder or sand. As has been stated 
in a previous bulletin, 6 the amount of organic matter in ordinary 
soils is appreciably large, for as the result of analyses of several 
thousand samples of soil from all parts of the United States, 
Cameron has shown that the average organic content of soils is 
2.06 per cent and of subsoils 0.83 per cent. If the soil be taken as 
8 inches deep, there would be an average of 28 tons of organic 
matter in the soil per acre and 50 tons in the soil and subsoil to 
the depth of 2 feet. 

There are, then, in most soils tons of organic matter, matter which is 
constantly being changed through the activity of micro- and macro- 
organisms, through cultivation and fertilization; matter which in 
cludes bodies harmful to vegetation, other bodies probably beneficial, 
and still other bodies wholly inert, but matter about which there is 
very little chemical knowledge. 

Report Hawaii Agr. Expt. Sta., 1906, p. 37. 

b Bui. No. 47, Bureau of Soils, U. S. Dept. Agr., p. 10, 

c Jour. Am. Chem. Soc., 27, 256 (1905). 
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EXPERIMENTAL METHODS. 

The problem which the student of soil fertility has to face may now 
be stated tentatively as follows: Many soils are infertile because of 
the presence in them of organic matter inhibitory to crops. Of this 
organic matter, which is presumably relatively small in amount, 
nothing definite is known chemically. Not only this, but on a survey 
of the investigations into the nature of soil organic matter which have 
been carried on in the last seventy years it is found that there is 
nearly a total absence of the proof of the presence of any definite 
organic compound in the soil, either harmful or otherwise. How can 
some knowledge be obtained of the chemical nature and properties of 
these bodies, that there may be intelligent treatment of soils contain 
ing them, treatment that will bring about certain destruction or 
change of the harmful bodies, or prevent their formation, instead of 
the rule-of-thumb methods now in use. Obviously one way to attain 
this knowledge is to isolate these bodies from soils and study their 
properties. 

To anyone who realizes the paucity of knowledge of soil organic 
matter, which has been emphasized in previous pages, it will be appa 
rent that the isolation of any definite organic compounds from the 
soil is not an easy task. When the task is narrowed down to the iso 
lation of injurious compounds, the difficulties are greatly increased. 
Before outlining the methods by which this problem has been ap 
proached, some of these difficulties should be considered, for the 
matter resolves itself into a choice of methods to surmount these 
difficulties. 

It is evident, in the first place, that for any organic soil compound 
to be harmful to plants it must be present in the soil solution; that is, 
it must be at least slightly soluble. Investigations have shown that 
many organic compounds stated in the literature to be insoluble are 
soluble to the extent of a few parts per million at least, and sufficient 
in many cases to have a harmful effect on plants grown in the solu 
tion. The water extract of an infertile soil usually contains but a 
very small quantity of organic matter, and it is a reasonable pre 
sumption that the injurious organic compound is only a part of the 
total organic matter present. Such being the case, it is evident that 
the isolation of any organic compound from a water extract of a soil 
in sufficient amount to establish its identity and study its properties 
is in most cases a problem that does not come within the limitations 
of laboratory work. In other words, the amount of soil or soil 
extract necessary to handle would be too great for ordinary labora 
tory appliances and methods. This difficulty, due to the small quan 
tity of organic material which must be present in the soil solution, is 
much increased by the fact that the inhibiting substances are un- 
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known compounds with unknown chemical and physical properties. 
In many respects the isolation of an injurious substance from an infer 
tile soil and the detection in animal organs of a poison of which the 
identity, properties, characteristic reactions and symptoms produced 
are all unknown, are analogous. 

With the water extract of a soil practically unavailable as a 
source of the unknown compounds under the present limitations of 
laboratory work, and with the lack of methods applicable to such 
research, the only course open is to make use of all other methods 
which are known or can be devised for the solution of the soil organic 
matter, and to attempt to isolate from such solution definite com 
pounds, taking advantage of proven methods, or devising new ones. 

Before stating the methods which have been used with different 
soils in the attempt to isolate from them organic bodies, and the 
results obtained thereby, there are a few facts regarding the soil 
organic matter which are true more or less for any soil and which 
should be kept in mind throughout the discussion of the subject. 
The organic matter in soils is generally but little soluble at ordinary 
temperatures in neutral solvents, such as alcohol, ether, or chloroform. 
Dilute acids at ordinary temperatures have also little solvent action 
on soil organic matter, and if heated there is usually a change effected 
in the constitution of some of the organic bodies. Dilute alkalies at 
ordinary temperatures dissolve relatively large quantities of soil organic 
matter; in fact, in the case of some soils, nearly the whole of the 
organic matter can be so dissolved by repeated treatments. This 
treatment of soils with dilute alkalies, although it may in some 
cases effect a change in the constitution of some of the organic com 
pounds, especially those nitrogenous, seems at present the only 
method of effecting the solution of a large part of the organic matter 
with the minimum chance of changing the character of the com 
pounds sought, and for this reason was the first method used in the 
attempt to isolate harmful organic bodies from the soil. 

SEPARATION OF PICOLINE CARBOXYLIC ACID. 

The soil first treated in tin s way was from Takoma Park, Md., and 
is fully described in a former bulletin." This soil, which is characterized 
physically by large percentages of clay, silt, and coarse sand, and very 
little of the intermediate material, is quite light in color and contains, 
contrary to what might be expected from its appearance, 3 per cent 
organic matter. It contains 0.1 per cent nitrogen, and analyses of 
both water and acid solutions indicate the presence of sufficient min 
eral plant food for ordinary crops. It is, however, an exceedingly 

Bui. No. 28, Bureau of Soils, IT. S. Dept. Agr. 
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infertile soil ami does not respond readily to treatment with either 
stable manure or commercial fertili/ers. A bacteriological examina 
tion of a sample of this soil by Mr. Karl F. Kellerman, of the Bureau 
of Plant Industry, showed this to be rather low in bacterial content 
though active in denitrification. 

The water extract of this soil is a poor medium for the growth of 
wheat seedlings, but is much improved by treatment with carbon 
black, by dilution, and by the addition of pyrogallol or calcium car 
bonate. In other words, field observations of this soil indicate that 
something other than lack of plant food is the cause of infertility, 
and laboratory observations confirm this and in addition indicate 
that this infertility is due to the presence of some harmful substance. 

When the .soil is treated with a 2 per cent solution of sodium 
hydrate there results a dark-colored solution, the so-called humus 
extract. If this solution after separation from the soil residue be 
treated v.ith an excess of acid a flocculent dark-colored precipitate 
is formed, the so-called liumic acid. The filtrate from this is dark 
colored but much lighter than the original extract and contains a 
portion of the organic matter. On bringing this extract to neutrality 
by the addition of sodium hydrate there is formed a further precip 
itate containing both organic and mineral matter. The neutral 
filtrate from this is still colored dark yellow and contains a consid 
erable portion of the organic matter originally extracted from the soil 
by sodium hydrate. By dissolving both of the above precipitates 
again in sodium hydrate and repeating the operations of acidifying, 
filtering, neutralizing, and again filtering, there can be obtained a 
still further quantity of organic matter in neutral solution, which 
can be mixed with the first portion. 

This process results in a neutral solution containing some of the 
organic matter and a comparatively large amount of a sodium salt 
resulting from the neutralization of the sodium hydrate used. This 
neutral solution of soil organic matter gives precipitates upon the 
addition of a number of mineral salts such as basic lead acetate, cupric 
acetate, mercuric nitrate, and silver nitrate, precipitates which contain 
organic matter and arc usually nitrogenous. 

In this method of obtaining a neutral solution of soil organic 
matter, the amount so obtained in solution seems to be approximately 
the same, whether hydrochloric, sulphuric, or nitric acid be used for 
neutralizing; acetic acid, however, usually gives a smaller amount 
in solution than the mineral acids. The final treatment to which 
the solution is to be subjected must decide what acid is used through 
out, e. g., hydrochloric acid would not be used if there were any 
intention of using silver nitrate as a precipitant, nor sulphuric acid 
if lead subacetate was to be used. 
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METHOD OF ISOLATION. 

The method finally adopted for this particular soil was to treat 
it for twenty-four hours with frequent shaking with 2 per cent 
solution of sodium hydrate free from chlorides, allowed to stand 
until the soil residue settled and the dark-colored solution siphoned 
oil. To this was added a slight excess of nitric acid free from 
the lower oxides of nitrogen and the flocculent humus precipitate 
filtered oil. The acid filtrate was then exactly neutralized by the 
addition of sodium hydrate and the precipitate so formed filtered off. 
To the resulting neutral solution was added a solution of silver 
nitrate and the precipitate formed, which was slight in amount, 
was allowed to settle, the clear liquor decanted, and the precipi 
tate collected on a filter and washed with a small quantity of water. 
The precipitate while still moist was suspended in water and treated 
with hydrogen sulphide, the silver sulphide filtered off, and the filtrate 
evaporated to small volume on a water bath and allowed to cool slowly. 
There was thus obtained a more or less colored residue in which 
crystals formed. The crystals were separated from the mother 
liquor, washed with a small quantity of cold water, dissolved in hot 
water, and precipitated again with silver nitrate. Filtration, treat 
ment with hydrogen sulphide, etc., being now repeated, the crystals 
were usually obtained fairly free from color and could be further 
purified by recrystallization from water. 

PROPERTIES OF THE ISOLATED COMPOUND. 

The crystals obtained are little soluble in cold water, easily in hot, 
little soluble in alcohol, and almost insoluble in ether. From water 
the compound separates in oblique prismatic crystals with water of 
crystallization which they lose at 100 C. In Plate I, figure 1, is 
shown a photomicrograph of these crystals obtained by allowing 
a rather dilute solution in hot water to cool slowly, and figure 2 shows 
the crystals obtained by cooling a rather concentrated solution in 
water. The latter crystals are usually very thin plates, superim 
posed, forming large scale-like masses and giving very brilliant 
color effects with polarized light. The substance sublimes unchanged 
on heating in an open dish and does not melt in a capillary tube at 
300 C. A water solution is faintly acid to litmus, and when 
neutralized does not give a precipitate with either barium chloride, 
calcium chloride, cadmium sulphate, or lead acetate. Cupric acetate 
gives a bluish crystalline precipitate, insoluble in cold water. Silver 
nitrate gives a flocculent amorphous precipitate. 
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IDENTIFICATION AS PICOLINE CARBOXYLIC ACID. 

The crystals have, therefore, the appearance and properties of pico- 
line carboxylic acid, which, as stated, had been isolated by Shorey from 
a Hawaiian soil by the same method. The compound from Hawaiian 
soil was further identified as picoline carboxylic acid by its corre 
sponding water of crystallization, its nitrogen content, the chlorine- 
content of the hydrochloride, and its conversion into lutidinic acid on 
oxidation. The last-named acid is characterized by crystallizing in 
leaflets little soluble in cold water and melting at 239 C., and giving a 
yellowish or orange color with ferrous sulphate. 

The preparation obtained from the Takoma soil having the proper 
ties stated above was compared with that obtained from Hawaiian 
soil, and also witli picoline carboxylic acid prepared artificially in the 
laboratory, and found to correspond throughout. 

PICOLINE CARBOXYLIC ACID AND RELATED COMPOUNDS. 

Picoline carboxylic acid, which has heretofore been known as a 
laboratory product only, has been described by Bottinger" and can 
be prepared by heating uvitonic acid to 274 C. Uvitonic acid, 
which is methyl pyridine carboxylic acid, breaks up at this tempera 
ture into carbon dioxide and picoline carboxylic acid, as shown below: 

Uvitonic acid. Picoline carboxylic acid. 

C COOH C COOH 

H-C X C-H ll-C^ C-H 

+CO 2 
COOH-C &lt; -CII 3 H-C C-CH, 

V V 

Vvitonic acid can be easily prepared in the laboratory by treating 
pyruvic acid with alcoholic ammonia, separating the precipitate 
formed, washing it with ether, dissolving it in water, and precipitating 
the free acid by the addition of sulphuric acid, as described bv 
Bot linger. 6 

Leaving the toxicity of picoline carboxylic acid for discussion in 
subsequent pages in connection with other substances found in soils, 
it may be said here that it was found to be not very harmful to wheat 
seedlings, while the nearly related uvitonic acid was quite so. While 
this slight harmful effect and the apparently very small amount of 
this body in the Takoma soil make it improbable that it is responsi 
ble for more than a small part of the infertility of that soil, its close 
connection with the uvitonic acid and other closely related acids, 

"Her. c-hem. Ges., 14,67 (1881); 17, 92 (1884). 

b Ann. Chein., 188, 330 (1877); 208, 138 (1881); Her. chein. Ge., 13, 2032 (1880). 
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such as pyridine tricarboxylic acid, a known to bo antiseptic, justifies 
the suspicion that there maybe present some other pyridine com 
pound either a source of or a product of the one actually found and 
one which might.be the active cause of infertility. 

POSSIBLE ORIGIN OF PICOLINE CARBOXYLIC ACID. 

Regarding the origin of the picoline carboxylic acid in the soil, 
very little can be said at the present time, yet it may not be out of 
place to call attention to a few facts in connection therewith. In the 
laboratory picoline carboxylic acid can be formed from pyruvic acid 
and ammonia through the intermediary compound, uvitonic acid, by 
splitting off carbon dioxide. Pyruvic acid has been shown by Morner * 
to be a constant secondary decomposition product of protein, and as 
such might be formed in the soil; in fact, there are some indications 
of its presence along with picoline carboxylic acid in the soil under 
investigation. Should this be the case, then it is not impossible that 
the remaining steps in the formation of picoline carboxylic acid 
should take place in the soil, although no reaction whatever for the 
uvitonic acid could be obtained. The most that can be said, there 
fore, is that the picoline carboxylic acid may possibly have arisen as 
the result of the splitting and decomposition of protein in the soil. 

A further point of interest in regard to the formation of the pyridine 
nucleus in the soil through the decomposition of protein is shown by 
the formation of pyridine on reduction of the melanoidins or humin 
substances, resulting from the dissociation of protein, as demonstrated 
by Samuely. c Hopkins and Cole d have further shown that trypto- 
phane, one of the dissociation products of protein, is readily changed 
to dark-colored humin substances on boiling with acids, or even with 
water, and Ellinger e has suggested for trytophane the structural 
formula: 

Tryptophanc. Kymircnic acid. 

H..N-CH., N=CH 

H 
C CH.COOH C C.COOH 



H/V/ 



OH 
HO C CH HC CH 

V V V 

II H H 

which, as is readily seen, contains the possibility of the pyridine 
closure, as illustrated by its transformation into kynurenic acid. All 

"Rademaker, Med. Herald, 19, 107 (1887). 

bZeitsch. physiol. Chem., 42, 121 (1904). 

c Hofmeister s Beitr., 2, 355 (1902). 

djour. Physiol., 27, 418 (1901); 29, 451 (1903). . 

eZeitsch. physiol. Chem., 43, 325 (1904). 
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FIG. 1. CRYSTALS OF PICOLINE CARBOXYLIC ACID OBTAINED FROM SOILS, FORMED 
FROM A DILUTE AQUEOUS SOLUTION. 




FIG. 2.-CRYSTALS OF PICOLINE CARBOXYLIC ACID OBTAINED FROM SOILS. FORMED 
FROM A CONCENTRATED AQUEOUS SOLUTION. 
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FIG. 1. CRYSTALS OF DIHYDROXYSTEARIC ACID OBTAINED FROM SOILS. 










FIG. 2 CONCRETIONS OF THE BARIUM SALT OF DIHYDROXYSTEARIC ACID. 



I-HI.SI NCI- OP IITIIKI: COMPOUNDS i xm&lt; \TKI&gt;. 



these facts indicMif &gt;tnngly that the origin of the pyridine ring in 
tin soil, whether it he as pieoline earboxylic acid or other pyridine 
derivative, lies most probably in the decomposition of protein bodies. 

THE PRESENCE OF OTHER COMPOUNDS INDICATED. 

There has been gathered some evidence of the presence of pyruvic 
acid in the Takoma "soil, but this evidence is as yet indicative only. 
This evidence, stated briefly, is as follows: When the neutral soil 
extract obtained as outlined above is made alkaline with sodium 
hydrate and then a solution of iodine in potassium iodide added 
there is formed in a short time at room temperature a precipitate of 
iodoform. The same precipitate can be obtained by treating the 
original sodium hydrate extract of the soil with iodine reagent. The 
iodoform so obtained was identified, after recrystallizing, by its 
melting point and by its characteristic crystalline form as well as its 
odor. Pyruvic acid forms iodoform when treated in this way, but this 
is true of other acids, for instance, lievulinic. Again, when the 
neutral soil extract is made acid and treated with a solution of 
phenylhydrazine hydrochlorate there is produced in a short time a 
reddish-colored micro-crystalline precipitate which soon tends to 
become resinous. It was not found possible by any means so far 
tried to purify this precipitate so as to obtain any characteristic 
crystalline form or constant melting point. The phenylhydrazone of 
pyruvic acid crystallizes in needles and melts at 178 to 183 C. It is 
evident that if pyruvic acid is present there is also present another 
compound giving a precipitate with phenylhydrazine. Billow has 
described a reaction of the phenylhydrazones which he states is 
characteristic. When the phenylhydrazone is treated with con 
centrated sulphuric acid and diehromate of potassium there is pro 
duced a purplish color. This color is produced by the phenylhy 
drazone precipitate from the soil extract and by the pure phenyl 
hydrazone of pyruvic acid. 

Simon" has described a color reaction of pyruvic acid which he 
states is characteristic. This depends on the blue color given by 
sodium nitroprusside and ammonia when added to dilute solution of 
pyruvic. acid. When the neutral soil extract is treated with these 
reagents there is produced a very slight greenish color, which, since 
the soil extract is orange colored, might be expected in the presence 
of small amounts of pyruvic acid. The delicacy of the reaction was 
tested by adding known quantities of pyruvic acid to the neutral soil 
extract and adding the reagents, and it was found that the reaction 
was not at all delicate in the presence of the other material present 



Ann. Chem., 236, 195 (1886). l&gt; I ompt. rend., 12, 34 (1897). 
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in the soil extract, as much as 500 parts per million being required 
to give the characteristic blue color, lower concentrations producing 
greenish shades. These reactions indicate at least the probable pres 
ence of pyruvic acid as well as other bodies not yet isolated. 

Pyruvic acid was found to be quite injurious to w r heat seedlings, 
but was not so when neutralized with sodium hydrate, and if present in 
the soil its activity as a factor in infertility would no doubt depend 
on the form in which it might be present. Apart from this the pos 
sible presence of this acid in the soil is of interest, for it may be that 
through the agency of ammonia in the soil the change from the open 
chain nonnitrogenous pyruvic acid to the ring form nitrogenous uvi- 
tonic acid could be effected, as is done in the laboratory with alcoholic 
ammonia. Uvitonic acid has been sought for in the various soil 
extracts, but so far with no indication that it is present. 

When picoline carboxylic acid is prepared from the neutral soil 
extract by the method stated above there is separated from the 
crystals a dark-colored mother liquor containing nitrogen. When 
this is evaporated nearly to dryness there usually separates a further 
small quantity of picoline carboxylic acid, but no other crystalline 
body has been obtained or observed. The mother liquor at this 
stage, however, is thick and viscous and of such a nature that crys 
tallization of any body present would be difficult. When the mother 
liquor is evaporated completely to dryness and then taken up again 
with water there is found a quantity of amorphous colored matter 
w T hich does not redissolve. 

When the dry residue obtained by evaporating the mother liquor 
to dryness is heated with caustic lime there is given off an odor of 
crude pyridine, indicating a still further quantity of picoline car 
boxylic acid or of some other pyridine compound. When the mother 
liquor from which picoline carboxylic acid has been separated is 
made alkaline with sodium carbonate and treated w r ith a solution of 
diazo sulphanilic acid, a dark-red color is slowly formed. The color 
produced by this reagent with certain organic compounds was first 
noticed by Ehrlich and further described by Pauly, 6 who found 
that it could be used for the detection of histidine in the absence of 
tyrosine. Histidine gives with this reagent a dark-red color w r hich 
remains red on dilution, and no other protein decomposition product 
except tyrosine gives this color, all others giving yellow colors which 
disappear on dilution. According to Pauly the distinctive color given 
by histidine and diazo sulphanilic acid is due to the imidoazol group, 
histidine being ^-amino /J -imidoazol propionic acid. The color 
obtained by treating this soil material with diazo sulphanilic acid does 
not appear to be that obtained with histidine, being slower in appear- 

a Zeitsch. klinische Med., 5, 285 (1882). 

. physiol. Chem., 42, 508 (1904); 44, 159 (1905). 
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in-j and soon losing the red tint on dilution. The same color can be 
obtained in tin- distillate on distilling the original soil with steam, 
and is much more pronounced if the soil be made slightly alkaline 
before distillation. Other organic compounds than those mentioned 
in the literature were found to give this color, for instance, arbutin" 
and piperidine, so that the most that can be said of this reaction 
is that it indicates the presence of some body not yet isolated or 
ident iiied. 

SEPARATION OF DIHYDROXYSTEARIC ACID. 

The comparatively slight harmful effect of picoline carboxvlic acid, 
the only compound up to this point isolated from the Takoma soil, 
coupled with the apparently very small quantity present in this soil, 
led to the conclusion that there must be some substances of much 
more injurious character than this present substances perhaps not 
in any way connected with the one obtained or others indicated. 
With the object of, if possible, obtaining such other bodies from tlu s 
soil a number of other methods were tried. 

METHOD OF ISOLATION. 

One which finally gave definite results was as follows: The soil was 
treated with 2 per cent sodium hydrate solution as in the method 
first used. This alkaline extract was made acid with a slight excess 
of acetic acid and filtered from the humus precipitate. There was 
thus obtained a dark-colored extract containing organic matter, so 
dium acetate, acetic acid, and some mineral matter from the soil. 
This acid extract was shaken out with ether and the ether allowed 
to evaporate on the surface of a small quantity of water in a warm 
place. The other on evaporating left on the surface of the water 
some colored resinous material, together with nodules or concretions 
of a crystalline body. On heating the water to boiling these crystals 
went into solution, while the resinous matter remained undissolved, 
and on pouring the solution into a filter previously wet with hot 
water the resinous material remained in the filter. On cooling the 
solution so obtained, crystals separated, which generally appeared 
as very small plates or leaflets arranged in radiating clusters. These 
if still colored could be purified by solution in hot water and filtering 
as before. This body, which is white when pure, melts at 9S to 
99 C., is little soluble in cold water, somewhat readily in hot. and 
quite soluble in alcohol or ether. A water solution is acid to litmus 
and decomposes barium or calcium carbonate, forming the corre 
sponding salts, which are difficultly soluble in cold water. This body 
was found to be quite harmful to wheat seedlings. 

" Hul. No. 47, Bureau of Soils, U. S. Dept. Agr. 
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ISOLATION FROM SEVERAL SOILS. 

With the object of extending tli e research to other soils, six more 
or less infertile soils, selected from near Arlington, Va., Indianapolis, 
Ind., Center Hall, Pa., State College, Pa., Pulaski, Term., as well as that 
from Takoma, Md., were treated as follows: Eight hundred grams 
of each we re treated with 2,000c. c. of a 2 per cent sodium hydrate 
solution for twenty-four hours, with frequent shaking; after standing, 
1,000 c. c. of the supernatant clear extract was treated with a slight 
excess of acetic acid and filtered. The filtrate was shaken out twice 
with ether and the ether allowed to evaporate on the surface of a 
small quantity of water, the water boiled and filtered, and the filtrate 
cooled. The character of any crystals which formed and the approxi 
mate amount was observed. From four of the soils examined there 
was obtained crystalline material having the same general appear 
ance and properties as that obtained by this method from the Takoma 
soil as described above. The amount of this material obtained 
from 1,000 c. c. of the original extract was then dissolved in water 
and made up to 1,000 c. c. with distilled water and used as a culture 
medium for wheat seedlings. Dilutions of this stronger solution 
with one and with nine parts of pure distilled water were also used. 
The results obtained were in direct relation to the amount of crystal 
line material, the solution containing the greatest portion being the 
most harmful. The results obtained with one of the soils, that from 
Tennessee, are shown in Plate III, figure 2. 

The soil from which, by this treatment, the most material was 
obtained and which furnished the most injurious medium was from 
Tennessee, a soil which had been in cultivation fifteen years, for the 
most part in cotton. This soil is classified as Clarksville silt loam, 
and although light colored, contains 3.26 per cent organic matter 
and 0.16 per cent nitrogen. The surface soil (which was collected) 
is a gray silt loam 6 inches deep. The subsoil to a depth of 3 feet is 
yellow silt loam, having a close, compact structure. The field is in 
a large area of this type, the Clarksville silt loam, occupying the 
broad, nearly level top of a ridge. There were a few apple trees in 
the field, but the sample was taken at some distance from any of 
them. The yields have been light. On an area about 50 feet square, 
from which the sample was taken, the plants were only about one-half 
to one-fourth as large as in other parts of the field, and matured very 
few bolls. Where vacancies occurred in the cotton rows, corn had 
been planted. The same difference existed in the corn as in the 
cotton. Near where the sample was taken the stalks were small, 
with a yellow color, and had failed to form good ears. In other parts 
of the field the corn had a good color and average-sized ears had been 
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produced. The east half of the field contains 20 apple trees, set five 
years ago. One tree stands about 30 feet from where the sample was 
taken and is smaller than the trees farther away, thus agreeing with 
the growth of the cotton and the corn in different parts of the field. 

A water extract of this soil was a poor medium for the growth of 
wheat seedlings and was improved by treatment with carbon black. 

Having, then, a soil unproductive in the field and in the laboratory, 
and yielding by simple treatment a crystalline body injurious to plant 
growth, the foundation was laid for the isolation of a harmful soil 
compound in sufficient quantity to determine its identity and study 
its properties. Large quantities of this soil were treated by the 
method already mentioned, extraction with 2 per cent sodium 
hydrate solution, acidifying with acetic acid, filtering from the humus 
precipitate, shaking out the acid filtrate with ether, and crystallizing 
the water-soluble portion of the ether extract from water. By this 
treatment, extracting each portion of the soil twice, the body described 
was obtained in a fairly pure condition in amounts of O.Oo gram per 
kilo of soil, which is 50 parts per million, or 200 pounds per acre to 
the- depth of 1 foot. The quantity actually present in the soil must 
of course be much larger, for when all is said, the methods of extrac 
tion are very crude and far from quantitative, and the amount obtained 
in crystalline form does not even represent the amount extracted. 
It is of course impossible to say what relation exists between the 
amount extracted and the amount present, except that the amount 
present is much the greater, perhaps even several times as great. 
This same body has been obtained by extraction with sodium car 
bonate instead of hydrate, though the extraction is not so profitable. 

PROPERTIES OF THE ISOLATED COMPOUND. 

The properties of this compound, some of which have already been 
noted, are: 

Slight solubility in cold water, more ready solubility in hot, readv 
solubility in alcohol and ether. It crystallizes in radiating clusters 
or concretions and when pure in very small plates or leaflets, which 
are generadly arranged in starlike groups, as shown in the photo 
micrograph in Plate II, figure 1. The melting point is 98 to 99 C. 

Calcium and barium salts are readily formed by decomposition of 
the corresponding carbonates. These are little soluble in cold water, 
but quite readily so in hot water. The barium salt crystallizes in 
somewhat characteristic circular concretions of radiating structure, 
as shown in the photomicrograph in Plate II, figure 2. The silver 
salt is amorphous and quite insoluble in water. 
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IDENTIFICATION AS DIHYDROXYSTEARIC ACID. 

All the properties of this compound agree with those of dihydroxy- 
stearic acid prepared from elaidic acid. Elementary analyses of the 
preparation from the soil gave the following figures: 

Calcu- 

No. 1 No. 2 latod for 
found. found. (VllasC,. 

Carbon 67. 5 68. 68. 3 

Hydrogi-ii . 12.2 11.7 11.4 

Oxygen 20. : , 20. :j 20. 3 

Analysis of the silver salt gave the following figures: 

Calculated for 
Found. C-s HH-, AgO&lt;. 

Silver 25.77 25.53 

The melting point of the soil compound remained unchanged when 
this was mixed with dihydroxystearic acid prepared from elaidic acid. 

These figures, together with the correspondence noted between the 
properties of the body obtained from the soil and those of dihydroxy 
stearic acid from elaidic acid, are sufficient to establish the identity 
of the soil compound as dihydroxystearic acid. 

DIHYDROXYSTEARIC ACID AND RELATED COMPOUNDS. 

There are four isomeric dihydroxystearic acids known, three being 
laboratory products. The one found in the soil is that obtained in 
the laboratory by the oxidation of elaidic acid and described by 
SaytzeflF." This acid can easily be prepared, starting with oleic acid. 
If oleic acid be treated for a few minutes at a low temperature with 
nitrous oxide generated in any convenient way, say by the action of 
nitric acid on arsenic trioxide, it is changed to the isomeric elaidic 
acid. This, after washing with water and recrystallizing from ether 
or alcohol, melts at 45 to 47 C. If this elaidic acid be dissolved in a 
dilute solution of potassium hydrate and treated with potassium 
permanganate, it is oxidized, dihydroxystearic acid being one of the 
products. The yield obtained in this w T ay is low, the dihydroxystearic 
acid first formed being easily subject to further oxidation, pelargonic 
and azelaic, and finally oxalic acids being formed. Edmed 6 in study 
ing the oxidation products of oleic and elaidic acids obtained from the 
latter by this treatment with alkaline permanganate, dihydroxy 
stearic acid, 33 per cent; pelargonic acid, 13 to 14 per cent; azelaic 
acid, 26 per cent; and oxalic acid, 15 to 20 per cent. The dihydroxy 
stearic acid formed from elaidic acid is much more easily oxidized than 
the isomeric acid obtained by oxidation of oleic acid, and this has been 



"Jour, prakt. Chem., 33, 300 (1886); 50, 76 (1894). 
&Jour. Chem. Soc., 73, 627 (1898). 
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explained by the juxtaposition of the hydroxyl groups in the former, 
as shown in the structural formulas: 

Dihydroxystrarlc acid, m. p. W, DihydroxyxU-aric acid, in. |&gt;. 134, 

from I laUlic acid. from oli-ic acid. 

l H,.(CH,) 7 .rH&lt; )H (JH 3 (CH 2 ) 7 .CHOH 

COOH.(CH t ) 7 .CHOH Ho.( H.(CH 2 ) 7 ( &lt;&gt;( &gt;M 

The known dihydroxystearic acids other than that obtained by the 
oxidation of elaidic acid and found in soils are that obtained by the 
oxidation of oleic acid already mentioned, melting at 134 C.: one 
obtained from isoleic acid melting at 79 C., and a natural product 
found in castor oil melting at 140 to 141 C., and described by Juil- 
lard a and Meyer. 6 Besides the differences in melting points noted, 
these acids show quite important differences in their behavior toward 
solvents, but all agree in being little soluble in cold water. They are 
all monobasic acids, forming well-defined salts. 

PRESENCE OF OTHER BODIES. 

In describing the method used in isolating dihydroxystearic acid 
from the soil, mention was made of a resinous body which was present 
in the ether extract and which was separated from the dihydroxy 
stearic acid after evaporation of the ether by filtration of the hot 
solution. This resinous material, which at the temperature of boiling 
water is a brown oil, becomes at room temperature a thick viscous 
mass. It is not soluble in water or dilute acids. In dilute alkalies it 
forms a slimy emulsion and dissolves readily in alcohol and ether. 

So far no crystalline body has been obtained from this material, 
nor has it been possible to make any crystalline derivatives. No 
characteristic color or other reactions have been noted, and it is 
not known whether it is a simple body or a mixture. Elementary 
analysis gave the following figures: Carbon, 63.84 per cent; hydro 
gen, 9.65 per cent. 

It is very insoluble in water and when wholly free from dihydroxy 
stearic acid it does not impart any harmful properties to distilled 
water, using wheat seedlings. 

POSSIBLE ORIGIN OF DIHYDROXYSTEARIC ACID. 

Concerning the possible origin of dihydroxystearic acid in the 
soil, it might not be amiss to state briefly some of the results obtained, 
although no definite conclusion can as yet be drawn. Among the 
soils containing this compound was the Takoma soil, from which 
picoline carboxylic acid had also been isolated. This soil was found 
to contain dihydroxystearic acid in almost as large amount as that 

"Bui. Soc. Chim., 18, 238 (1895). &Arch. Pharm., 286, 184 (1897). 
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from Tennessee. This Takoma soil seems to be an extremely good 
medium for the growth of fungi, and it was noted that the rootlets 
of the oak trees on this ground were infested with mold. This 
growth was at times so abundant that in digging up the small roots 
and shaking free of soil, the attached mold mycelia furnished as much 
material as the roots themselves. A quantity of these roots with 
mold attached was washed free of adhering soil and treated just 
as the soil had been in the isolation of dihydroxystearic acid. There 
was obtained in this way a small quantity of crystalline material 
having the appearance and properties of the dihydroxystearic 
acid isolated from the soil. The crystalline form, melting point, 
solubility, formation, and appearance of barium salt all corresponded 
with those of the body isolated from the soil, and there is little 
or no doubt of their identity. Similar oak roots from another 
locality where they were not infested with mold were treated in the 
same way, but no indication whatever was obtained of the presence 
of dihydroxystearic acid or any other crystalline body by this method. 
It would seem to be a fair conclusion from this that mold can form 
dihydroxystearic acid from material associated with oak roots, and 
that in this case, at least, the dihydroxystearic acid found in the soil 
may have been formed in this way. As to what material furnishes 
the foundation for this formation of dihydroxystearic acid by fungi, 
whether it be root excretions or root tissue or cells, it is possible at 
present to theorize only, and such discussion does not come within 
the scope of this paper. It may, however, not be out of place to 
mention that the conditions existing in nature in this case are similar 
to those shown in the laboratory to lead to the formation of dihy 
droxystearic acid. Oleic acid as part of the complex molecules of 
fats and readily decomposed lecithins is present in all living parts of 
plants; nitrous acid, by which oleic acid is changed to elaidic acid, 
is constantly being formed in soils, either as a product of denitri- 
fication or as one of the stages in nitrification; and, finally, there are 
oxidizing agents the air, enzymes in living roots, and micro 
organisms. 

SEPARATION OF OTHER ORGANIC COMPOUNDS FROM SOILS. 

In the course of the examination of other soils for the presence of the 
compounds already described there have been obtained a number 
of bodies, some of which are undoubtedly mixtures, while others 
are evidently single, definite compounds. Two of these latter have 
been sufficiently studied to be mentioned here. The soil from which 
these bodies weie obtained was from North Dakota, the Marshall 
clay, a black soil similar to the chernozeii of Russia, containing 
10.6 per cent organic matter and 0.51 per cent nitrogen. 



PLATE III. 
























- 



FIG. 1. CRYSTALS OF AGROSTEROL OBTAINED FROM SOILS. 




FIG. 2. WHEAT SEEDLINGS GROWN IN EXTRACT OBTAINED IN THE METHOD FOR 
ISOLATING DIHYDROXYSTEARIC ACID FROM SOILS. 



[1 an.l J. 
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ISOLATION OF A WAXLIKE BODY; AOROCERIC ACID. 

When this soil is treated with hot 95 per cent alcohol and filtered 
while hot, there is obtained a greenish-brown extract, from which 
on cooling a yellowish microcrystalline precipitate separates. If 
the soil be treated with successive portions of hot alcohol until 
the extract is no longer colored, the extracts combined, concentrated 
to a smaller volume, and allowed to cool, this precipitate can be 
obtained in considerable quantity. Two hundred and fifty parts 
per million of this substance have been obtained from this soil in 
this way, equivalent to 1,000 pounds per acre-foot. 

The precipitate so obtained was washed with cold alcohol, redis- 
solved in hot alcohol, and on cooling from this solution it crystallized 
fairly free of color. Thus obtained this crystalline body is evidently 
a mixture, since the melting point is quite variable as influenced by 
variations in the method, such "as the concentration of the original 
alcoholic extract, extent of washing, etc. This variation in melting 
point extends from 70 to 90 C. If this mixture be thoroughly 
dried and washed with cold ether it is separated into two portions. 
The ether-soluble portion crystallizes on evaporation of the ether in 
minute leaflets which melt at 72 to 73 C. and solidify after melting 
at 67 C. It is little soluble in cold alcohol, readily in hot, the 
solution so obtained being acid to litmus. It separates from alcoholic 
solution on cooling in a powdery microcrystalline form. 

On adding an alcoholic solution of lead acetate to the solution of 
this body in hot alcohol a precipitate containing lead is formed which 
after washing with cold alcohol and drying melts at 109 to 110 C. 

The physical and chemical properties of this compound place it 
among the fatty acids found either free or combined in waxes both 
of vegetable and animal origin. 

Elementary analysis gave the following figures: 

No. 1. No. 2. 

Carbon 73. 2 73. 40 

Hydrogen 12. 2 12. 19 

Oxygen 1 4. 6 14. 51 

The only compound which corresponds with this percentage com 
position is that of a hypothetical acid, the lactone of which was found 
and described by Strucke" in carnauba wax. 

This acid, C 21 H 4 , O 3 , would have the composition- 

P. t ttait. 

Carbon 73. 7 

Hydrogen 12. 3 

Oxygen 14.0 

and the figures obtained for the compound from the soil agree with 
these within the limits of experimental error. 

a Ann. Chem., 228, 312 (1884). 
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Strucke isolated from carnauba wax and described a body to which 
he ascribed the formula 

CO 

/COOH 
C 19 H 38 O the lactone of an acid C,, H 38 

\ CH / \CH,OH 

which is the one referred to above and which has not been described 
or isolated. Whether this compound isolated from the soil is the 
same as the acul corresponding to the lactone isolated from the 
carnauba wax can only he determined by further investigation. The 
compound from the soil, which will be designated as agroceric acid, 
is almost insoluble in water and does not impart any harmful prop 
erties to distilled water when wheat seedlings are grown, although it 
is not impossible that other plants may be affected differently. 

PRESENCE OF OTHER WAXLIKE BODIES. 

The portion of the original precipitate from the alcohol extract 
insoluble in cold ether is evidently a mixture of bodies. The melting 
point of this mixture varies from 1 00 to 110 C. and it contains from 
3 to 7 per cent of ash, mostly alumina. Elementary analyses corrected 
for ash have given carbon, 74 to 77 per cent; hydrogen, 12 to 13 per 
cent. It is evident from its physical properties and composition 
that this body is a mixture of higher acids, salts of such acids, and 
probably higher alcohols such as make up natural waxes. This 
mixture, like the ether-soluble portion, is almost insoluble in water 
and does not form a solution harmful to wheat seedlings. 

ISOLATION OF A COMPOUND OF THE CHOLESTEROL GROUP; 
AGROSTEROL. 

When the hot alcoholic extract of the soil obtained as described 
above is concentrated, cooled, and separated from the precipitate of 
agroceric acid and other compounds the filtrate is a dark greenish- 
brown solution which on evaporation leaves a thick, somewhat jesin- 
ous material. On washing this residue with cold ether there is left a 
yellowish waxlike body, the nature of which has not been investi 
gated. The ether solution, which carries with it nearly all of the 
color of the original extract, on spontaneous evaporation of the ether 
leaves a resinous material similar to that obtained from the alcoholic 
solution. On treating this residue with cold absolute alcohol the 
coloring matter goes into solution and there is left a nearly w T hite 
microcrystalline substance. This body melts at 237 C. and the 
melting point remains constant after recrystallizing from alcohol, 
ether, and chloroform. It crystallizes from ether in fine needles 
arranged in radiating clusters, from alcohol, if a little water is present, 
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in very thin plates of characteristic appearance, very similar to those 
of phytosterol. These crystals are shown in the photomicrograph 
in Plate III, figure 1. The compound is almost insoluble in water; 
difficult Iv soluble in cold alcohol, readily in hot, and readily soluble 
in ether and chloroform. It is unchanged on heating with alcoholic 
potash and can be obtained from the residue of the original alcoholic 
extract of the soil by treating this residue with alcoholic potash, 
evaporating to dryness, and extracting the dry residue with ether. 
The crystalline appearance and general properties of this body sug 
gest a higher alcohol of the cholesterol group. 

The color reactions ordinarily used to identify and distinguish 
members of this group when applied to this body gave the following 
results: Liebermann s li cholesterol reaction," which is the only one 
giving positive results with all the more commonly known members 
of the cholesterol group, gives the characteristic violet color with the 
compound obtained from the soil. This reaction consists in dissolv 
ing the substance in a small amount of chloroform, adding acetic anhy 
dride, and then a drop of strong sulphuric acid, when a violet color 
is produced. 

The other reactions ordinarily used in distinguishing compounds of 
this group gave no results with the soil compound. For instance, 
cholesterol when dissolved in chloroform and shaken with an equal 
volume of sulphuric acid (sp. gr. 1.76) gives a blood-red coloration 
in the chloroform layer. With the soil compound the coloration 
was light yellow. Again, when cholesterol is evaporated with strong 
hydrochloric acid containing 10 per cent of ferric chloride a violet- 
colored residue is left. With the soil compound no coloration is 
produced. 

There have been quite a number of compounds described and 
named which seem to belong to this group of cyclic alcohols known 
as the cholesterol group and placed by Beilstein under the general 
formula C u H 2n . H (). Most of these bodies are optically active and are 
found in fats and waxes, either free or combined. The combination 
is frequently one with fatty acids, the cholesterol in this case playing 
the same part that glycerol does in glycerides; cholesterol, however, 
and others of the group so far as known having only one alcohol 
or hydroxyl group. 

Knowledge of the chemistry of this group is rather meager, cho 
lesterol itself being the best known. 

The compounds which have been described and placed in this 
group, together with their sources and some of their properties, are 
as follows: Cholesterol, C M It 44 O + II 2 (), found in animal fats and in 
olive oil, melts at 148 C. Phytosterol, C 2a H 4&lt; O + II,O "vegetable 
cholesterol," found in vegetable fats and waxes, melts at 132 C. 
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Isocholesterol, C 2C H 44 O, found in some animal fats, melts at 137 
C., does not react with chloroform and sulphuric acid. Sitosterol, 
C 27 H 44 O + H 2 O, in plant fats, melts at 137.5 C. Paraphytosterol, 
C., 4 H 40 O + H,O, in the seed coat of Phaseolus vulgaris, melting 
at 149 to 150 C. Paracholesterol, C, t .H 41 O f H 2 O, found in slime 
mold, melts at 134 C. Caulosterol, found in etiolated yellow lupines, 
melts at 158 to 150 C. Parasitosterol, C 27 H 44 O, found in the embryo 
of wheat, melts at 127.5 C. TTomocholesterol, C 28 II 48 (), found in 
Dalmatian insect powder (Chrysanthemum cinerarisefolium] , melts at 
183 C. Ergosterol, C 26 H 40 O + H 2 (), found in ergot, melts at 154 C. 
Anthesterol, C 28 H 48 O, found inAnthemis noUlis, melts at 221 to 223 C. 
Arnesterol, C 28 H 40 O, in Arnica montana, melts at 249 to 250 C. Many 
of these bodies have as yet very doubtful standing as definite organic 
compounds, and much investigation will yet be necessary before the 
standing of these less-known bodies is assured, or the relationship 
between them is understood. 

The composition of the compound obtained from the soil was found 
to agree very closely with the formula C 26 H 44 O. The analysis was 
made with material dried at 100 C. and was as follows: 

Calculated 
Found, forC26ll.nO. 

Carbon 83. 6 83. 8 

Hydrogen 11. 5 11. 8 

Oxygen 4.9 4.4 

In the compound isolated from the soil, as described above, we 
have, no doubt, a member of the cholesterol group. Its method of 
preparation, physical and chemical properties, so far as ascertained, 
crystalline appearance, and the cholesterol reaction are all evidence 
of this, and point to the existence in the soil of a compound of the 
cholesterol group. The cholesterol substance obtained from the soil 
does not correspond in melting point with any substance of this group 
so far described. For this compound, isolated from a soil, having the 
chemical properties and general appearance of substances of the 
cholesterol group, but differing in melting point from any of the mem 
bers of this group so far described, the generic name agrosterol is sug 
gested in harmony with the nomenclature of this group. 

With regard to the origin of this compound in the soil, at least two 
possibilities present themselves: It will be seen that several mem 
bers of the cholesterol group are so far as known found only in single 
species of plants. It may be that agrosterol is characteristic of some 
plant grown on this soil, and that on the decay of plants of this species 
it has survived the action of enzymes, fungi, and bacteria and 
remained in the soil as an unchanged plant residue. Since, however, 
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the presence of a substance )! tlii.x L r roup is shown by Lieheni:ann s 
reaction above mmt ioiied in several soils from widely separated 
localities with different native vegetation and cropping, it would seem 
that this suggestion has not much weight. To make this conclusive 
it would be necessary to show that the substances from different soils 
giving Liebermann s reaction are really identical, since the reaction 
is only a class reaction and not specific for agrosterol or any other 
member of the cholesterol group. 

On the other hand, it is within the range of possibility that agros 
terol may be formed from some other substance through the agency 
of micro-organisms or chemical oxidation. The fact that Lifschiitz a 
has shown that a cholesterol substance can be formed by the oxida 
tion of oleic acid emphasizes this possibility. The fact that para- 
cholesterol mentioned above is found in slime molds further supports 
the suggestion that agrosterol may be formed by micro-organisms. 

CULTURE TESTS WITH THE ISOLATED COMPOUNDS. 

In the study of soil fertility from the point of view stated in the 
first part of this paper, the first and immediate interest concerning 
any organic compound isolated from or proven present in a soil is 
with regard to the possible effect of such compound on plants. 
While it is probably true that every organic compound in the soil 
which is at all soluble is to some extent a factor influencing plant 
growth either favorably or unfavorably, and that before there can 
be any true science of agricultural chemistry the chemistry of the 
organic soil material, harmless as well as injurious, must be known, 
it is evident that at this stage the interest of the investigator, as well 
as of the practical agriculturist, centers around the injurious organic 
soil compounds. Once the identity of a soil compound is established, 
it can usually be prepared artificially in quantity sufficient for an 
extended study of its effects on plants, both alone and as modified 
by other soil compounds or added chemicals, fertilizers, etc., an inves- 
tiLT.it ion which can not but furnish much of scientific interest and 
practical value. 

Anything like the complete knowledge of the organic matter of soils 
&lt;&gt;r even one soil can be arrived at only after long research, research in 
a field as yet almost unknown and one presenting many difficulties 
incident to ignorance of matter under investigation and inadequacy of 
Available methods. Such research will follow as the natural result 
of the demonstration of the presence of inhibiting organic compounds 
in soils in the most positive and practical manner by isolating such 
that they can be seen, handled, and experimented with. 

a Zeitech. physiol. Chem., 55, 1 (1908). 
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In determining the properties of bodies isolated from soils, wheat 
seedlings have been used as an indicator in the manner described in 
former bulletins. a While wheat seedlings only have been used in 
these tests, it is not impossible that other plants may show inhibited 
growth where the wheat is unaffected, and vice versa, as was found 
to be the case in the experiment with plant succession already men 
tioned, in which harmful effects were noted when wheat followed 
wheat or oats, but wheat following corn or cowpeas was either un 
affected or else benefited. In carrying out the tests, wheat seedlings 
three or four days old of uniform size were grown in solutions of the 
substances tested, control cultures of similar seedlings in pure dis 
tilled water being carried on at the same time. The transpiration and 
green weight of plants at the end of the period of growth, generally 
ten or twelve days, together with observations made from day to day 
on the appearance of the roots and tops furnished the data from 
which the conclusion as to inhibition was drawn. 

EFFECT OF PICOLINE CARBOXYLIC ACID AND RELATED 
COMPOUNDS. 

The method by which picoline carboxylic acid was isolated from 
soils was essentially the precipitation of the acid as either the lead 
or silver salt from a neutral sdlution of a portion of the soil organic 
matter. The amount obtained from the soil by this method was very 
small. For this reason, and more particularly to meet the objection 
that any observed injury might be due to minute traces of lead or 
silver incident to the method of preparation, the effect of this com 
pound was tested with the artifically prepared body. The method of 
preparing this, which has already been stated, is in outline the treat 
ment of pyruvic acid in alcoholic solution with dry ammonia gas, 
precipitation of uvitonic acid w T ith sulphuric acid and splitting of this 
into picoline carboxylic acid and carbon dioxide on heating. The 
yield, however, is small. 

The following figures give the results obtained w T ith wheat seedlings 
grown for ten days in solutions of different strengths of artificial pico- 
line carboxylic acid. 

Effect of picoline carboxylic acid on wheat seedlings. 



Solutions. 


Relative 

transpira 
tion. 


Relative 
green 
weight. 


Control in distilled water 


100 
140 


100 
95 


Same, 10 p. p. m 


105 


101 


Same, 50 p. p. m 


107 

85 


98 
89 


Same, 200 p. p. m 




70 









a Buls. Nos. 23, 28, 36, 40, 47, Bureau of Soils, U. S. I&gt;ept. Agr. 
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It is seen from tho figures above, substantiated by the results of other 
series, that this soil constituent is harmful to wheat seedlings and in 
low concentrations is a stimulant, an effect which is, however, charac 
teristic of small doses of poisons when applied to plants. In the solu 
tions containing 100 and JOO parts per million in addition to the 
decreased transpiration and green weight of plants the roots showed 
the abnormal appearance characteristic of the presence of an inju 
rious compound, little growth with root tips first darkened, then 
club-shaped, or hooked. However, since this body docs not show 
marked injurious properties in solutions containing 50 parts per mil 
lion and so far as can be determined occurs in the bad soil extract from 
the soil examined in less amount, it does not seem likely to explain by 
its presence tho full effect of the injurious properties of the extract 
from the soil in which it was found. While this effect, &s will be shown, 
is undoubtedly due to the presence of the more harmful dihydroxy- 
stearic acid in this particular soil, nevertheless it was thought to be 
of interest to study in this regard several bodies closely related to 
picoline carboxylic acid. 

Uvitonie acid, from which picoline carboxylic acid is formed simply 
by heating to the melting point and which differs from it only by CO 2 , 
is so closely related that it was thought desirable to test its effect 
even though there was no evidence of its presence in the soil. The 
result of such a test with wheat seedlings grown for twelve days in solu 
tions of different strengths of uvitonic acid is shown by the following 

figures: 

Kffect of it ritontc arid on irhent seedlings . 



Solutions. 


Relative 
transpira 
tion. 


Relative 
green 
weight. 


Control in distilled water 


100 


100 


I vittniir acid, 1 p. p. in 
Same. .1 p. p. in 


95 
88 


107 
116 


S;il!lr. 10 p. p. m 


87 


108 


Samp, :&gt;0 p. p. m 
Same, 100 p p m 


30 

20 


78 
08 


Same, 200 p. p. m 


35 











The plants growing in concentrations of 200 parts per million were 
dead when the test was terminated, and the transpiration of this set 
is higher, owing to this death of the plants, as dying plants frequent Iv 
show increased transpiration. 

Uvitonic acid, it is evident, is quite harmful to wheat seedlings, 
much more so than the nearly related picoline carboxylic acid. It 
is also reported to be strongly antiseptic, which is again an indication 
of highly injurious properties for higher plants. 

The relative effect of these two compounds brings up the question 
of the relation of chemical constitution to inhibitory effect on plant 
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growth. Uvitonic acid and picoline carboxylic acid are related as 
shown by the structural formulas 

Uvitonic acid. Picoline carlwxylic acid. 

C - COOH C - COOH 

HO CH HC CH 

COOH-C C-CH 3 HC C-CH 8 

"V V 

the former differing from the latter by CO 2 , which on heating splits 
off from the carboxyl. Uvitonic acid, as shown, is a dicarboxylic 
acid, and the greater inhibition would seem to be associated with the 
presence of the second carboxyl group. However, all the carboxylic 
acids of pyridine and its homologues having one, two, and three car- 
boxyls are weak acids. They form salts with bases in the usual way, 
but have also the power of forming salts with mineral acids by direct 
addition; for instance, the hydrochlorate, by the addition of hydro 
chloric acid. It is only in the higher members of this group, for 
instance, where all the H atoms are replaced by carboxyl, that the 
acid properties predominate and the power to form salts with mineral 
acids is lost. The whole question is one for future investigation, the 
data at present available furnishing little more than suggestions of 
possible explanations. It may be said, however, that the harmful- 
ness of these compounds does not seem to be due to hydrogen ions. 

Other related compounds, which may have a possible soil interest 
in this connection, have already been studied with the following 
results : 

Pyridine (C 5 H 5 N) forms the nucleus upon which are built many of 
the alkaloids. It is obtained chiefly from coal tar, but may also be 
obtained from a number of alkaloids, such as nicotine, trigonelline, 
sparteine, and cinchonine, when these are highly heated, treated with 
alkalies, or distilled with zinc dust. Pyridine is a colorless liquid of 
penetrating odor and basic properties. Laurent b found that a 1 per 
cent solution of pyridine was harmful to the fungi which he studied. 
It has been observed by Falkenburg c that the vapor of pyridine and 
some of its homologues is poisonous to bacteria. 

In the experiments with wheat seedlings it was found that although 
pyridine, in a concentration of 1,000 parts per million, did not kill wheat 
plants in nine days it was nevertheless very injurious, especially to the 
growth of the green parts of the plants. In a concentration as low 
as 50 parts per million the growth of the tops was inhibited and the 
leaf tips turned brown. In the lower concentrations there was no 
stimulation of growth. 

a Bui. No. 47, Bureau of Soils, U. S. Dept. Agr., 1907. 
b Ann. Soc. Beige Micr., 14, 29 (1890). 
cCzapek, Biochemie der Pflanzen, II, 926. 
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PLATE IV. 




FIG. 1. WHEAT SEEDLINGS SHOWING THE EFFECT OF DIHYDROXYSTEARIC ACID 
FROM SOILS. 



Mil 
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FIG. 2. WHEAT SEEDLINGS GROWN IN SOLUTIONS OF DIHYDROXYSTEARIC ACID 
FROM SOILS. 

[I, Milution &lt;&gt;f &lt;liliyclroxy*U arir IK id. -Jim jirts per million: 2. lot) iwrt.- ;? uartv 4 -JO 
imrts: 5, control in pure &lt;iistillo&lt;l water.] 
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Picoline (C S II 4 N.CH,) or methyl pyridine was harmful to wheat 
plants, but only killed in the concentrations of 1,000 parts per million, 
and did not cause injury below 500 parts per million. The injury 
seemed to be manifested by the tops more than by the roots, thus 
resembling the action of pyridine. 

Piperidine (C 5 II,,N), or hexahydropyridine, is known to occur in 
nature, for example, in the pepper plant, and forms the nucleus of 
many alkaloids. Solutions of piperidine killed and injured at a lower 
concentration than either pyridine or picoline. A sample of piper 
idine that was neutralized with acetic acid proved to be more toxic 
than the strongly alkaline piperidine itself. Piperidine seems to injure 
the roots more severely than the tops. 

Quinoline (C 9 II 7 N) has a genetic relationship with pyridine and 
forms the nucleus of many alkaloids found in plants belonging to the 
families Rubiacen and Loganiacece. Falkenburg* found that quino- 
line was harmful to bacteria in a concentration of 2,000 parts per mil 
lion. Quinoline killed wheat plants at a concentration of 500 parts 
per million. So low a concentration as 5 parts per million affected 
them injuriously in six days. None of the lower concentrations 
caused stimulation of growth. 

AVhile picoline carboxylic acid may not be an important factor in the 
infertility of the Takoma soil, the fact that it has been found in other 
soils in larger quantities, its moderately harmful effect, and its close 
relationship to other pyridine compounds still more harmful, places it 
among organic soil compounds to be considered and sought for in the 
general study of unproductive soils. 

EFFECT OF DIHYDROXYSTEARIC ACID. 

The dihydroxystearic acid isolated from the soil was readily 
obtained in quantity sufficient for cultural experiments, and as 
its method of -preparation was such that it could easily be obtained 
free of any reagents which might have an injurious effect, the 
body obtained from the soil was used in testing the effect of 
this compound. .As a preliminary test a saturated solution of 
dihydroxystearic acid, which was found to contain approximately 
200 parts per million at room temperature, was used as a culture 
solution for the growth of wheat seedlings. The result is shown in 
Plate IV, figure 1. Ten days growth of the seedlings in this solution 
gave a green weight of plants 52.5 as compared with 100 for the 
same number of seedlings in distilled water for the same time. The 
water transpired by the plants growing in dihydroxystearic acid 

oCzapek, Biochemie der Pflauzen, JI, 926. 
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solution was 12.3 against 100 transpired by the plants growing in 
distilled water. 

The harmful effect of this compound in not very high concentra 
tion being thus established, culture sets comprising several concen 
trations were then grown, the results of the ten days growth being 
as follows: 

Effect of dihydroxystearic acid on wheat seedlings. 





Relative 


Relative 


Solutions. 


transpi 


green 




ration. 


weight. 


Dihydroxystearic acid 200 p. p. m 
Same, 100 p. p. m 


20 
24 


54 
53 


Same, 50 p. p. m 


56 


78 




75 


87 


C otitrol in pure distilled water. 


100 


100 









These results are illustrated in Plate IV, figure 2. The effect of 
this body, it will be noted, is as great in a concentration of 100 parts 
per million as in a concentration of 200 parts per million, which is 
approximately a saturated solution, and is marked even when the 
concentration is as low as 20 parts per million. 

Artificial dihydroxystearic acid prepared as described from elaidic 
acid, as well as the isomeric dihydroxystearic acid formed on the oxi 
dation of oleic acid, gave in concentration of 200 parts per million 
practically the same results, very little transpiration, green weight 
about half of that in the control solutions, and death of the plants in 
twelve or fifteen days. Other than this there has been no study of 
the effect of compounds related to the dihydroxystearic acid found in 
the soil. 

Dihydroxystearic acid is, as may be inferred from its power to 
decompose carbonates, a much stronger acid than picoline carboxylic 

CH 3 (CH 2 ) 7 CH . OH 
acid, and as represented by the formula QQOH(CH ) CH OH pai ~ 

takes also of an alcoholic nature. Whether the harmful effect of this 
compound is due to the combination of alcohol and acid characters, 
the so-called hydroxyacid structure, is of course not known. As has 
already been stated the whole question of the relation between effect 
on plant growth and composition and constitution is one which will be 
thoroughly understood only after long investigation. It may be well 
to note, however, in discussing the effect of a body of an acid consti 
tution like dihydroxystearic acid that the data at present available is 
sufficient to prove that toxicity is not necessarily connected with the 
acid character or the presence of hydrogen ions. It is well known 
that an acid which is little dissociated in solution may be much more 
harmful than another which is dissociated to a much greater extent. 
For this as well as other reasons based on observations on the effect 
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&gt;f organic compounds many of those who have studied this question 
told that the harmful effect of organic compounds is in many cases 
issociated with the structure of the molecule rather than due entirely 
to dissociation products. 

Preliminary investigations have shown that some of the combina 
tions of dihvdroxvstearic acid with bases are as harmful as the acid 
itself, although much less soluble. It was found that cultures in the 
calcium and potassium salts of dihydroxystearic acid gave greater 
green weights and greater transpiration than cultures in distilled 
water, while the iron and alumina salts, although less soluble than 
the acid, gave a growth and transpiration almost as low as solutions 
of the acid itself. The iron and alumina salts, because the least solu 
ble, are perhaps the ones most likely to be present in soils. It would 
seem, then, that the injurious effect of this body when found in the 
soil may not be confined to that produced slowly during its forma 
tion, but that it may be stored up in a little-soluble but very harmful 
form. 

SUMMARY. 

Previous investigations have indicated that soils may be infertile 
or "exhausted" because of the presence in them of organic com 
pounds injurious to plants. 

The present paper dals with the isolation and identification of 
some of the inhibitory or injurious compounds in such infertile soils. 
It is almost self-evident that where such bodies give rise to infertile 
soils there can be intelligent scientific treatment of such soils only 
when the nature and properties of these bodies are known. The 
isolation and identification of these bodies is the first step in the 
attainment of this knowledge. 

In approaching this problem, which is an exceedingly complex one, 
it was found necessary to review briefly the knowledge of the origin 
of the organic matter in the soil. This review shows that the soil 
organic matter arises through the decay of organic compounds of 
vegetable and animal origin; that among these compounds are many 
of well-known composition and constitution which get into the soil 
and may even persist for a time, and that many compounds which are 
formed from these in the process of decay are likewise well estab 
lished as definite chemical compounds. 

When the effect of these compounds which are known to get into 
the soil or to be formed in the soil is considered, it is found that 
many of them have been shown to be harmful to plants, some even 
when in very small amounts. On the other hand, it is not yet possi 
ble to trace any general relation between the harmful properties and 
the chemical composition or constitution, and consequently it is not 
possible to determine the effect of any compound on plants except 
by experiment. 
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In addition to known products of vegetable and animal origin and 
their products of decay, it is possible that still other compounds are 
produced and exist in the soil about which there is no knowledge, 
not even of a speculative kind. In view of these facts, it was found 
necessary to consider briefly the present knowledge of soil organic 
matter in general. It was found that although the organic matter 
in soils is an important ingredient , amounting in most cases to many 
tons per acre, almost nothing is known of the chemical nature of 
this material. 

The difficulties, then, in attempting to isolate harmful organic com 
pounds from infertile soils are due to ignorance of what compounds are 
harmful to plants and what are not, and also to lack of knowledge 
of the chemical nature of the organic matter of the soil and conse 
quent lack of methods for dealing with such material. 

The first crystalline organic compound isolated from a soil was a 
nitrogenous body, picoline carboxylic acid, which, was obtained by 
a process which had its starting point in a solution of a portion of 
the organic matter in sodium hydrate solution. This body is a defi 
nite crystalline compound with very faint acid properties and has 
also the power of acting as a base toward strong acids. Along with 
the isolation of this compound there were obtained indications of 
the presence in the same soil of other bodies, some of which are 
related to it. 

From the same and another soil by a modification of the same 
method another organic compound was obtained. This compound, 
dihydroxystearic acid, is nonnitrogenous and is in no way related 
to the nitrogenous body first isolated. Dihydroxystearic acid, like 
picoline carboxylic acid, is a well-defined crystalline chemical com 
pound heretofore known only as a laboratory product. 

The properties of these two organic compounds were tested by the " 
effect of their solutions on wheat seedlings. Picoline carboxylic acid 
was found to be harmful in concentrations of 100 parts per million, 
and like many poisons had a stimulating effect when present in small 
quantities. Dihydroxystearic acid was injurious in all concentra 
tions tested and ultimately caused death of the plants in concentra 
tions of 100 parts per million. 

Two other crystalline organic compounds previously undescribed in 
the literature were isolated from a soil. One of these, which has been 
named agroceric acid, is a member of the waxy acids; the other, 
which has been named agrosterol, belongs to the cholesterol group 
of bodies. Neither of these substances appear to be harmful to 
wheat and are of interest in the study of soil fertility chiefly with 
regard to their possible connection with the generation or destruction 
of injurious or beneficial compounds, although it is not impossible 
that they may be themselves harmful to plants other than that tested. 



SUMMARY. 53 

Apart from the purely scientific interest attached to the isolation 
from soil of any definite organic compound, the work here stated 
furnishes a simple tangible proof of the presence of injurious organic 
compounds in soils and should lay the foundation of the rational 
study and remedy of unfavorable conditions in such unproductive 
or so-called " exhausted" soils. 

In the present bulletin there are described four organic compounds 
isolated from soils, all well-defined crystalline bodies, one of which 
is quite injurious, one slightly harmful but related to much more 
harmful compounds, and two that are not harmful so far as the 
wheat seedlings used in the tests are concerned, although, as 
poinfed out above, other plants may be quite differently affected by 
these substances. 

In addition to these, there have been isolated a number of other 
well-defined bodies, likewise crystalline. These various soil com 
pounds are being studied and as far as possible their nature and 
properties will be determined and the results given in future 
publications. 

O 
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PREFACE. 



It is now generally understood that the mineral components of 
soils fall into two general classes. The first class comprises the 
common rock- forming minerals. It is generally the case, however, 
that ;i soil appears to be much more complex and to contain many 
more different minerals than any given rock. This is due in part to 
the fact that in the rock a certain few minerals which characterize 
that particular rock predominate to such an extent as to mask the 
other minerals which may be present. It is also due in part to the 
fact that the transportation of soil material from point to point, often 
to great distances, by wind and water and other agencies, produces 
a very complex mineral mixture, so that in almost any soil all or 
nearly all of the common rock- forming minerals can be found. It is 
very probably also that many minerals form in the soil. The various 
mineral fragments can lx&gt; found to a greater or less extent through all 
the various sized soil particles, but in general, as might be anticipated 
from their origin, the finer the particles of the soil the more complex 
is the mineral mixture. 

The second class of mineral component^ in the soil consists of 
decomposition products derived from the first class by the action of 
water and other weathering agencies of one kind or another. It is 
common knowledge that of these substances the silica, as quartz, tends 
to accumulate in the coarser grades of soil particles and ferruginous 
material in the finer grades. The distribution of the other products 
is not so obvious, although of the first importance for both theoretical 
and practical handling of soil problems. 

The existing literature on this subject is meager and unsatisfactory. 
The tedious and difficult analytical operations involved have undoubt 
edly deterred investigators hitherto: but the importance of the sub 
ject in itself and as a connecting link in the larger problem of the 
mineral chemistry of the soil, which is l&gt;eing investigated by this 
Bureau, has led Mr. Failyer, with Messrs. Smith and Wade, to study 
the chemical composition of the soil separates of a number of soils, 
covering all the important agricultural areas of the United States. 
The mineralogical composition of these same separates is still under 
investigation. 

The conclusions summarized at the end of the present bulletin may 
be taken safely as applying to soils generally, and mark another pn-i- 
tivt- -i&lt;-| i r\v:ird in our knowledge of &gt;oil-. 

i- i: \.\ K lv. ( \ \i i i.-i-N. 
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T1IK .MINIMAL COMPOSITION OF SOIL PARTICLES. 



INTROIUTTION. 

As is well known, soils are made up of mineral particles of many 
different sizes, and the relative proportions of the different sized par 
ticles have a most important influence on the physical properties of 
the soil and its adaptability to the growth of various kinds of crops. 
Therefore, in the mapping of soils by the Bureau, mechanical analyses 
of many type samples are made. By sedimentation, assisted by a 
centrifuge, soils are separated into arbitrary mechanical components 
called clay, silt, and sand. The latter is separated by sifting into 
five grades. As used by the Bureau, clay comprehends particles hav 
ing a diameter of 0.005 mm. or less; silt includes particles whose 
diameters range from 0.005 to 0.05 mm.; very fine sand, particles from 
0.05 to 0.1 mm.; fine sand 0.1 to 0.25 mm.; medium sand, 0.25 to 0.5 
mm.; coarse sand, 0.5 to 1 mm.; very coarse sand, 1 to 2 mm. 

It is a matter of interest and importance to know how these sep 
arates compare in their content of the important mineral plant-food 
constituents. For instance, whether phosphorus, potassium, and 
calcium be uniformly distributed through the sand, the silt, and the 
clay, or whether they be concentrated in one or more of these sep 
arates; and whether different classes and types of soils differ in this 
respect. 

Another matter of interest is the influence of the manner of the 
formation of the soil and of climate upon the distribution of the sev 
eral mineral nutrients. The past history of the soil greatly affects 
its mechanical and minera logical composition. How it will affect the 
distribution of the plant-food constituents is not always obvious. 

For some time investigators have recognized that the groups of 
various sized particles of a soil may differ in chemical composition. 
Considerable attention has been given to certain phases of the subject ; 
but it has not as a whole received the detailed study that it deserves. 
Much of the analytical work that has been done upon the mechanical 
separates of soils has been by treatment with some conventional 
strength of hydrochloric acid. Such work is a study of solution and 
not of ultimate composition. 

Apparently Loughridge" was the first to make any study of the 
chemical composition of the mechanical elements of a soil. By means 

"Am. Jour. Sci., 7, 17 (1S74). 
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of Hilgard s churn elutriator he prepared mechanical separates of a 
loam upland subsoil from Mississippi. The separates were extracted 
by five days digestion in hydrocloric acid of 1.115 specific gravity and 
the solution analyzed. Larger proportions of potash, magnesia, iron, 
alumina, and silica were found in the extract of the finer portions 
than in that of the coarser. The lime was irregular and the soda and 
sulphuric acid somewhat uncertain. 

Ortli made mechanical separations of samples of a soil taken at 
four depths. These samples consisted of the surface soil to a depth of 
about 8 inches loamy sand ; a layer of subsoil about 1(&gt; inches thick 
loamy sand; a 16-inch layer of loam below the preceding, and a thick 
layer of marly loam under all of these. Chemical analyses, by decom 
position with hydrofluoric acid, were made of each of these samples 
and of the particles of each under 0.01 mm. in diameter. The whole 
soil of each layer contained a greater percentage of silica than did 
the part less than 0.01 mm., while the latter contained a higher per 
centage of potash, lime, magnesia, soda, iron, alumina, and phosphoric 
acid. Orth does not make these comparisons, but a recalculation of 
his tabulated figures makes the comparison possible. It should be 
observed that this is not a direct comparison of the composition of 
the coarse with that of the fine particles. The whole soil is compared 
with its finest part. Indirectly, of course, a comparison is made of 
the coarser with the finer portions of this one soil and its subsoil. 

Schneider b studied a residual soil from the Rockland Ridge, near 
The Dalles, on the Columbia River, Washington. The rock whose 
disintegration formed the soil is said to be an augite andesite, its prin 
cipal constituents being " plagioclase, augite, apatite, magnetite, un- 
differentiated glass." 

The soil was subjected to mechanical analysis by Hilgard s well- 
known method. For purposes of analysis, four groups were made of 
the sediments prepared from the fine earth the part less than O.C mm. 
diameter. One group included particles of diameters between 0.5 
and 0.1 mm.; another, particles between 0.1 and 0.01 mm.; another, 
those between 0.01 and 0.001 mm., and the last portion, particles less 
than 0.001 mm. This last fraction was called " clay." 

Both fusion and acid digestion methods were used in analyzing 
these sediments, but as indicated in Table I, not all the analyses were 
carried to completion. 

Table I gives Schneider s results calculated to water-free and 
organic-matter-free substance. The dimensions of the fractions are 
derived from Hilgard s " Table of diameters and hydraulic values of 
sediments." c 

Ber., 15, 3028 (1882). 

&Am. Jour. Sci., 36, 230 (1888). 

c Aui. Jour. Sci., 6, 337 (1873). 
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The author points out that the percentages of " alkalis and alkaline 
earths extracted by the hydrochloric acid decrease in the fractions 
almost proportionately to the decrease of total percentages obtained 
in the analysis by fusion." 

From an inspection of Table I it is seen that the phosphoric acid 
and the magnesia are irregularly distributed among the sediments; 
that the lime decreases with the size of the particles; and that the 
potash, so far as given, increases as the particles decrease in size. 

TABUS \.-rnrtinl com portion of tin- Hcparatcn of a soil analyzed by Schneider. 



Grade of material. 


By fusion. 


By acid digestion. 


CaO 


MgO 


K,0 




CaO 


MgO 


K,0 


Perct. 

Part iVIes 0. 5 to 0. 1 mm i 6. 57 
1 iirttc -It-sO. 1 to 0.01 mm 


Per rt. 
2.60 


Perct. 
1.54 

""i. ao 


Perct. 
0.14 
.18 
.46 
.14 


Perct. 
3.02 
2.60 

*.8 


Perct. 
1.06 
.82 
1.56 
1.43 


Perct. 
0.32 
.38 
.66 


I urticU-sO.Ol toO.OOl mm 3.32 
"Clav " ICSM than 001 mm . 51 


1.86 
1 93 











In studying the changes in composition when rocks weather to 
soils Merrill 13 has analyzed a soil and the "silt" separated from it. 
Under silt are included particles 0.1 mm. and less in diameter. This 
silt contained larger percentages of potash, lime, and magnesia than 
did the soil. 

R. Sachsse b analyzed the fine earth of five soils and also the por 
tions of these soils carried over by a stream of water of 0/2 mm. 
velocity. A comparison of the tabulated results shows great irreg 
ularity in the distribution of the elements. The lime, potash, and 
alumina are proportionately more abundant in the very fine particles 
than in the soil as a whole. The proportion of iron, magnesia, and 
soda is greater in the finer parts of some of the soils: in others the 
reverse is true. The phosphoric acid in the portions carried by the 
0.2 mm. stream is not given. In this case, as before, the whole soil 
is compared with one of its parts? 

Meyer r likewise compared the composition of the whole soil with 
that of its finer parts. Twenty-six soils differing much in physical 
character were used in his work. For analysis and comparison, three 
samples were prepared from each soil. One consisted of the whole 
soil, excluding gravel alx&gt;ve 5 mm. in diameter. It was pulverized 
in a mortar to pass through a 0.."&gt; mm. sieve, for treatment with acid 
as described below. Another sample was the "fine earth." It was 
obtained from a portion of the original soil by sifting, the part pass- 

Bul. Geol. Soc. Am., 6, 323 (1885). 

6 Chem. Centr.-Blatt., 6, 1, 752 (18H5). The original publication i.Geolo- 
gische Spezialkarte der Konipreichs Sachsen, Sektion Lomniatzsch-Leuben) is 
.not accessible to us. 

c Laudw. Jnhrb., 29, 1)13 (19UO). 

r.4108 Bull. 54 4)8 2 
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ing through a 0.24 mm. sieve being taken for analysis. The third 
sample was the clay or dust (staub). It was separated from another 
portion of the original soil by sifting, and consisted of particles not 
greater than 0.11 mm. in diameter. Since the finer grades of soil par 
ticles are found in all three samples thus prepared and the coarser 
ones are not, any differences in composition of the samples must be 
due to differences between the fine and the coarse particles. These 
samples were digested in hydrochloric acid for three hours at 100 C. 
and the extract analyzed. With very few exceptions he found greater 
percentages of lime, magnesia, iron and alumina, and phosphoric 
and sulphuric acids, in the extracts of the " fine earth " than in those 
of the whole soil, and greater percentages of these substances in the 
extracts of the " dust " than in those of the " fine earth." No deter 
minations were made of the potash in the samples. Since only the 
substances dissolved by the acid were determined, this is more a 
solubility study than one of composition. 

Tolman, a working on two soils from the arid region, found a greater 
degree of solubility in the finer particles, but the acid (hydrocholric 
acid of 1.115 sp. gr.) extracted notable amounts from all of the sepa 
rates, even those of 2 mm. diameter. A higher percentage of potash, 
soda, magnesia, iron, alumina, and phosphoric acid was found in the 
solutions of the finer portions. The lime varied, but was an approxi 
mately constant constituent of the separates. He compared his 
results with those obtained by Loughridge and found, as might be 
anticipated, that much greater proportions of the soluble substances 
occur in the coarser grains of the arid soils than in those of like size 
in the humid soil. 

Headden, 6 working upon a granitic soil on the station grounds, took 
a sample 10 inches deep and separated the fine earth (the portion 
passing through a sieve of 1 millimeter mesh) by beaker elutriation 
into 6 components. Complete chemical analyses were made of the 
" fine sand," particles 0.25 to 0.05 mm. in diameter, the " silt," 0.05 to 
0.01 mm., the " dust," 0.01 to 0.001 mm., and the " clay," less than 
0.001 mm. It is pointed out that the separates differ decidedly in 
composition, and that " there is an accumulation of potash in the 
finer portions of the soil, and a diminution of the silicic acid." 

Westermann c investigated the relations of the " clay " (ler) 
content of certain Danish soils to their content of the several plant 
food constituents. He made mechanical analyses of 100 soils from 
eighteen counties well distributed over Denmark. Eighteen of these 
soils, varying in clay content from high to low, were digested forty- 
eight hours at 19 C. in 30 per cent hydrochloric acid, and the solu- 

a Kept. Cal. Agr. Expt. Sta., 1898-1901, Part I, p. 33. 

6 Bui. 65, Colo, Agr. Exp. Sta. (1901), p. 19. 

c Under slogelser over Typer af daniske Jorder, Copenhagen, 1902. 
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tions analyzed. He finds no constant relation l&gt;etween the content of 
phosphoric or sulphuric acids extracted and of "clay;" the relation 
lx?tween the content of potash and of " clay " is close; there is a gen 
eral similarity in the content of " clay " and of lime, magnesia, and 
iron, but there are important individual departures from the rule. 

Bugger" studied the relation of the soluble potash content of soils 
to the impalpable matter they contain, using results of other workers 
as well as some of his own. In some of the published results of analy 
ses he finds that soils containing the more clayey substances are, 
richer in soluble potash: in others the reverse is true. Bagger him 
self examined eight soils of known history. A micaceous sandy soil 
containing little "clay" (abgeschlammte teile) was rich in potash 
soluble in concentrated hydnx-hloric acid, while heavy lonms con 
fined much "clay" and little potash. Ilis general conclusion from 
nis study of soils is that the potash content of the soil bears no definite 
relation to its mechanical composition, thus combating a view held by 
several agricultural writers. Potash is the only constituent considered 
by this author. lie compares the potash extracted from the soils as 
a whole with that from the finer particles, and does not determine the 
potash in the mechanical separates themselves. 

Schloesing 6 selected four soils that varied from very sandy to very 
clayey, and separated these into their mechanical components bv a 
method of sedimentation, which is given. These separates were boiled 
with hydrochloric acid and the iron and phosphoric acid in the ex 
tracts determined. In each of the soils the iron and the phosphoric 
acid increased as the size of the physical elements decreased. The iron 
and the phosphoric acid contained in the undissolved mineral grains 
would not be determined by this treatment. Schloesing also com 
pares the separates of two subsoils as to their content of carbon. The 
soils above the subsoils are rich in organic matter. One of the sub 
soils is highly calcareous, the other nearly free from lime. Schloesing 
found that the finer portions of these subsoils are the richer in carlx&gt;n. 
He is of the opinion that soil grains are coated with the various sub 
stances that have gone into solution in soils and have separated out 
again. Since the surface of small particles is greater compared to 
their mass than is the case with larger ones, these coatings would form 
a higher percentage of the finer separates, even if they Ix? of the same 
thickness. 

Rudzinski, rf in the course of experiments in the growth of plants in 
the mechanical elements of soils, prepared separates of a clayey cher- 



Inavg. Diss., Albertus-Universitnt. Kouivsberg. 1002. 
*Compt. rend., 184, 631 (1902). 
c Couipt. rend., 185, 001 (1902). 

I/.\. Moscow Selsk. Khoz. lost. (Ann. In*t. Agron., Moscow. , IX, No. 2, p 
17-J i I .HI:; i. t i-:.\pt. Sta. Kec. XVI, 345, 1901.) 
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nozem (black earth), a peaty clay, and a podzol soil (an ashy soil 
composed largely of very fine sand). He concludes from his chemical 
examination of the separates that the content of potash and of phos 
phoric acid in the mechanical elements of the soils investigated de 
crease with the increase of their size, and that the like separates from 
soils of like geological origin even are unlike in their chemical com 
position. 

Mazurenko a made mechanical analyses of two strikingly different 
soils, a loess and a podzol. The data show that in the separates of 
both soils the silica decreased and the other elements increased as the 
size of the particles decreased. 

Dumont 6 compares the distribution of potash among the separates 
of two soils about equally rich in this substance, but very different 
as to origin and manner of formation. One was a fine-grained soil 
from an experimental field at Grignon, the other a coarse, sandy 
granitic soil from Creuse. They were separated into different sized 
particles by the method of Schlossing. the separates decomposed by 
hydrofluoric acid, and analyzed by usual methods. 

Table II shows the percentage of potash in the separate*, the potash 
of each separate expressed as percentage of the whole soil, and the 
percentage distribution of the potash of the soil among the separates. 
TABLE II. Potash content of soil separates according to Dumont. 



Grade of particles. 


Potash, per cent 
of separate. 


Potash, per cent 
of soil. 


Per cent of potash 
of soil 
in separate. 


Soil of 
Grignon. 


Soil of 
Creuse. 


Soil of 
Grignon. 


Soil of 
Creuse. 


Soil of 
Grignou. 


Soil of 
Creu.se. 




Per cent. 
0.864 
-992 
.940 


Per cent. 
1.33 
.58 
.51 


Per cent. 
0.148 

.588 
.158 


Per cent. 
0.605 
.225 
.023 


Per cent. 
16.66 

65. 78 
17. Ii7 


Per cent. 
70.93 
26. 37 

2. 70 




Clay 






.894 


.853 















It is obvious that although these soils contain about the same pro 
portion of potassium, the element is very differently distributed in 
their mechanical components. The separates of the Grignon soils 
are about equally rich in potash, while the sand of the soil of Creuse 
is nearly three times as rich as the clay. A.S pointed out by Dumont, 
five-sixths of the total potash of one soil is contained in its finer 
particles, whereas in the other, on the contrary, seven-tenths of the 
potash of the soil is in the coarse sand. 

Hall c prepared separates of the llothamsted soils by sedimenta 
tion. Composites were prepared by mixing the sediments of like 
grade derived from the several soils. The partial composition of 

"Inaug. Diss., Munich; Abs, in Zhnr. Opuitn. Agron. (Jour. Expt. Landw.), 
V, No. 1, p. 73 (1904). (Expt. Sta. Rec. XVI, ", Al, 1004.) 
6 Compt. rend., 138, 21 r, (1004). 
c Jour. Chern. Soc., 86, 950 (1904). 



these mixed sediments, as given by Hull, shows that the percentage of 
silica decreases and that of the alumina and the iron increases as 
the size of the sediments decreases an observation confirmed by work 
in this laboratory for soils in general. 

Puchner." in an article on the distribution of nutrients in the 
separates of the soil, deseril&gt;es his work upon three soils differing 
widely in physical character and in geological origin. 

Soil Xo. 1 was a heavy loam: No. 2. a silty soil (loessial) : Xo. 3, a 
coarse sandy soil from gneiss. These soils were resolved into their 
mechanical components, four divisions U ing made of the particles 
less than 0.25 mm. in diameter. Complete analyses were made of 
these finer separates. The medium and coarse sands not being 
analyzed, no comparison of the composition of these with the finer 
portions can be made. 

The composition of the finer separates of the three soils is given in 
Table III. Table IV gives the content of the elements in the several 
separates calculated to percentages of the soil. 

TAIU.K lll.&lt; i&gt;in]&gt;f&gt;xitii&gt;ii f the mechiinieiil mjxtrntcx nnnli/zal In/ / uehner. 
I The ttjtures express percentages of the separates.] 
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From the results Puchner draws the conclusion that as the mechan 
ical separates become finer the content of silicic acid, soda, and potash 
diminishes. On the contrary, that of alumina, iron, manganese, and 
humus increases. The content of lime, magnesia, and phosphoric 
acid in the separates is irregular. 

Ahvay and McDale " conclude from their study of the distribution 
of carbonates in the till of the second steppe of the northern Great 
Plains region that the carbonates are chiefly present in the grains of 
intermediate size; i. e., the silt particles running from 0.05 to 0.005 
mm. in diameter. 

Clerk, Gortner, and Vail, & working upon a sample of bowlder clay 
representing the upper G feet, made four mechanical fractions sand, 
1.0 to 0.05 mm. ; coarse silt, 0.05 to 0.016 mm. ; fine silt, 0.016 to 0.005 
mm. ; clay, smaller than 0.005 mm. These fractions were analyzed 
chemically by digestion in hydrochloric acid and the determination 
of the dissolved substances. 

In this soil the lime, as carbonate for most part, formed the highest 
percentage in the silts and least in the clay; the iron, alumina, soda, 
potash, and phosphoric acid were in greater proportions in the finer 
fractions; the silts contained the highest percentage of magnesia and 
the clay the next. 

In addition to the investigations mentioned above, numerous chem 
ical and mechanical analyses of the same soil have been made. From 
the published results of this work one could make comparisons of the 
total percentages of the several chemical elements in a soil with its 
percentage content of any particular mechanical component. For 
example, it could be determined for each soil whether a high content 
of calcium goes with a high content of sand, of silt, or of clay; but 
since the investigators themselves did not study these relations, such 
purely physical and chemical analyses of soils have not been included 
in a historical review of the literature of the chemical composition 
of the mechanical separates of soils. 

"Am. Chom. Jour., 37, 275 (1907). 

6 Am. Ohem. Jour., 39, 163 (1908). 

NOTE. -Since the manuscript for this bulletin went to the printer a report of 
additional work along the line of this investigation has come to hand: 

Atterberg (Lanclw. Vers.-Stat., 09, 102, 190S), working upon a glacial sand 
from Kulltorp, made complete analyses of the six groups into which he sep 
arated the portion between 0.5 mm. and 0.005 mm. diameter. In the table of 
results given by them the aluminum is a nearly constant constituent ; there is 
an increase in the percentage of the iron and the calcium as the size of the par 
ticles decreases except in the finest portion that between 0.01 and 0.005 mm. 
in which these elements decrease. The potassium and the sodium decrease as 
the particles become smaller. 



SELECTION OF Soli. 8AM1 l. r ) 

-I I.KCTION OF SOIL SAMPLES. 

Our extensive collection of soils from important and well-marked 
soil types enables us to select samples fully representative of the 
soils of the country. Accordingly, agricultural soils of known char 
acter were selected so as to include those from various geographical 
sections and from a number of soil provinces. Thus we have taken 
soils from the Coastal Plains, the Piedmont region, glacial soils, non- 
glaciated soils of the interior, and those of the arid region, the list 
comprising 27 soil types. These soil types are fully described in the 
reports of the Field Operations of the Bureau of Soils and in the 
Soil Survey Field Book, but since these publications may not be 
easily accessible to readers of this bulletin, the several types analyzed 
are described briefly in the proper place. The samples taken for 
analysis are from the surface soil, but the field characteristics of a type, 
as well as its agricultural value, are often largely dependent upon 
the subsoil. The subsoils, therefore, often serve to differentiate one 
soil type from another. The characteristics of the subsoil should 
therefore be considered an essential part of the description of a 
soil type. In view of these facts it is obvious that definite conclu 
sions regarding the productiveness of a soil can not be made from a 
study of the surface soil alone. 

Two hundred gram composite samples of the several soil types were 
separated into the three grades sand, silt, and clay. In making 
these separations the whole of the water was poured into the clay 
dish and evaporated to dryness. Thus any material which dissolved 
in the repeated treatment of the soil with water was carried into the 
clay, and this fact must be considered in comparing the results of the 
analyses of the separates. 

The important mineral nutrients only were determined; that is, 
phosphorus, potassium, calcium, and magnesium. A complete anal 
ysis of the soil separates, so far as these constituents are concerned, 
was made by fusion methods, so that the total content was obtained, 
and not simply that which would have been extracted by treatment 
with acid of some conventional concentration. 

In the tables giving the results of the analyses the figures are the 
percentages of the respective substances in the ignited separate-, 
and thus free from organic matter and water. The aim has been to 
leai 11 the composition of the strictly mineral matter of the soils. It 
-erins safe to assert, however, that were calculations made on the 
oven-dried -oil- there would merely \w changes in percentages and no 
material one- in the order of these, so that conclusion- ha-ed upon 
them would le con-i-tent with tho-e based upon the mineral matter, 
as here given. 
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SOILS OF THE COASTAL PLAINS. 

The Coastal Plains are made up of unconsolidated gravels, sands, 
silts, and clays derived in most part from the erosion of the Piedmont 
Plateau and other inland areas. These materials were mainly de 
posited on the then ocean floor and have been brought to their present 
level by the elevation of the land areas. 

The character of the soils of the Coastal Plains in a broad way, 
therefore, depends upon that of the rocks and soils of the Piedmont 
Plateau, but they are modified by deposits from other sources. Thus 
in the northern portions glacial material is mixed to some extent with 
the debris of the disintegrated and more or less decomposed rocks of 
the plateau. In some instances, streams which rise far inland and 
drain limestone regions have brought materials not common to most 
of the Coastal Plains soils. While the soils of this region present 
many diversities among themselves, due to special circumstances af 
fecting their deposition or subsequent history, they all differ much 
from the parent rock and have been subjected to excessive weathering 
and leaching. 

In studying soils and the results of their analyses, it should be fully 
recognized that the soil as now found is a distinct product or entity. 
Simple crushed rock represents no very important agricultural soil. 
Plants will grow in certain rock powders if compounds of nitrogen be 
present, but such a " soil " is nowhere found in extensive areas, except 
possibly as subsoils, and some subsoils were once real surface soils. 
Unconsolidated rock material should be called rock and not soil, un 
less it has been subjected to the processes called weathering, with all 
the numerous changes implied by the term, including those produced 
by high and low forms of animal and plant life. The soil de 
pends primarily, in the sense of first cause, upon the rock or the rocks 
from which it originated. As a first step in soil making, the rocks 
may disintegrate or be crushed to sand or dust. Mechanical agencies 
may separate the pulverized rocks into groups according to size of 
particles and deposit them as beds of sand, sill, or clay; or these 
may remain together, giving rise to loams. Solution and hydration 
and other chemical processes may effect changes which in some cases 
leave many of the original mineral grains; in others, the changes 
may be so profound that few of the original minerals other than 
quartz remain. The latter extreme condition is less common than is 
generally supposed, the original minerals, though undoubtedly pres 
ent, being in so finely divided a form as to be difficultly recognized. 
Absorptions taking place in soils and other facts make it probable 
that new minerals similar, if not identical, to those existing in rocks 
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are formed in soils in minute particles. A soil will then he best 
understood when all the factors which have operated to produce it 
are known; that is, when the whole history of the formation of the 
soil is known. This must often be inferred from the present charac 
ter of the soil and the geological history of the region. From these 
considerations it might lie expected that soils formed in one general 
way, as the Coastal Plains soils have been, would constitute a class 
by themselves and differ in important particulars from those that 
have had an entirely different history, as glacial soils, for instance. 
This subject will be referred to again in comparing groups of soils 
after the analytical data have been given. 

The Coastal Plains soils are mostly light; sands and light sandy 
loams predominating. Those selected for our work are the Colling- 
ton sandy loam from New Jersey; Norfolk sand, Norfolk loam, 
and Leonardtown loam from Maryland: Orangeburg sandy loam 
from Alabama ; Crowley silt loam from Louisiana ; Orangeburg fine 
sandy loam from Texas. 

CoUinffton sandy loam. The sample analyzed is from the Salem 
area, New Jersey, surveyed in 1901. The soil is a loose, coarse, sandy 
loam. It is of a brown color and frequently contains considerable 
amounts of gravel. It has resulted from the weathering of the 
greensand, or glauconite, of New Jersey. The subsoil, which comes 
within 6 or 8 inches of the surface, is a sticky, tenacious, clavlike 
material, yellowish or greenish in color. Owing to its relations to the 
greensand deposits, this type differs from the other Coastal Plains 
soils. 

Norfolk sand. The sample of this type analyzed is from Prince 
George County, Md. The area was surveyed in 1900. This is a 
coarse to medium orange or yellow sand, having a depth of about 
10 inches. The subsoil is coarse to medium, becoming loamy at about 
3 feet. It is a common type of soil in the Atlantic and Gulf Coastal 
Plains. The surface is level to rolling and the soil is well drained. 

Norfolk loam. The soil is from the Worcester County area, Mary 
land, surveyed in 1903. and was mapped as Sassafras sandy loam. 
This soil is a mellow brown sandy loam to a depth of about 9 inches. 
The subsoil to 36 inches is a medium to heavy loam, which is often 
underlain by fine yellow sand. In the area from which the samples 
were taken it has a slight elevation and is gently rolling. It is usually 
well drained. 

Leonardtown loam. The samples used were collected in the soil 
survey of St. Mary County, Md., 1900. The soil of this type con 
sists of a yellow silty loam, fine and powdery when dry, but puddling 
to a plastic mass when thoroughly wet. The subsoil consists of a 

54108 Bull. 5408 3 
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brittle mass of interlocking clay lenses, lumps, and fragments, sepa 
rated by seams and pockets of medium to fine sand. This subsoil is 
as impervious as clay, owing to its peculiar shinglelike structure. It 
is an upland soil and is generally slightly rolling. 

Orangeburg sandy loam. Samples analyzed are from Montgomery 
County, Ala., surveyed in 1905. This soil, locally called " red 
lands," is a brown to reddish -brown light sandy loam, 4 to 15 inches 
deep, resting on a friable brick-red sandy clay subsoil. The surface 
is rolling. It is generally well drained, although there is a tendency 
to form a " plowsole " or " hardpan." 

Crowley silt loam. The samples used were taken from samples of 
soil collected in the survey of Acadia Parish, La., 1903. This type is 
of variable depth, but usually has a surface soil of about 16 inches. 
It is of a brown color when wet, but ash gray when dry. It is com 
posed of fine sand and silt. w r ith sufficient clay to render it rather 
impervious. If stirred when wet it puddles somewhat, This soil 
is underlain by a clay of mottled brown and yellow color, with brick- 
red streaks and blotches. The subsoil is highly impervious and the 
surface level, so that the soil has very poor drainage. The samples 
analyzed are from level prairies in southern Louisiana. 

Orangeburg fine sandy loam. The samples used came from the 
Nacogdoches area, Texas, survey of 1903. This soil varies in color, 
being red, brown, or gray. It is a light sandy loam, generally carry 
ing iron concretions. The subsoil is a red, friable, sandy clay. The 
type occupies the upland and has good natural drainage. 

The percentage of the several mechanical constituents sand, silt, 
and clay contained in the soils is given in Table V. The results of 
the chemical analyses of the mechanical separates for phosphoric 
acid, lime, magnesia, and potash are given in Tables VI and VII. In 
Table VI the figures express percentages of the separates; in Table 
VII the percentages are calculated on the whole soil, so that the fig 
ures show what percentage the constituent in a separate is of the soil 
of which the separate is a part. 

An inspection of Table VI shows that the elements determined 
phosphorus, calcium, magnesium, and potassium are more abundant 
in the finer particles of these old soils old in the sense of having 
passed through and being the result of all the stages of soil for 
mation. 

As shown in Table VII, the coarse particles often contain abso 
lutely more of the elements than the finer portions, but this, of course, 
is due to the presence in the soil of a much greater percentage of 
these large particles. 
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SOILS FIJOM ( UY^TAI.I.l M \M&gt; METAMOBPHI4 BOCKS. 

Three &lt;oils. not &lt;f irlacial origin, formed from crystalline and 
metamorphic rock-, \\crc selected for this work --( hf-tci- mica loam 

Mirvlaml). I nrtcr- lilack loam (Virginia), and C ccil day (North 
Carolina.) 

Chester mica ?&lt;&gt;&lt;/&gt;. IV-rriliol :i&gt; Cecil mica loam in the report 
of the Soil Survey of llari or.l County. M.I.. I . Ol. Thi- -oil. u it- 
?iame indicate-, i- i-liaracteri/.ed lv a irreat qiiantity of micaccoii- 
particle-, it i- derived from granite?. | aid other micaceous 
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rocks over which the type lies. It is strictly a residual soil and con 
sists of a brownish loam 10 to 15 inches deep, underlain by a lighter 
colored, heavier loam, also containing mica. The surface varies from 
gently rolling to somewhat hilly. 

Porters black loam. The sample analyzed was collected in the soil 
survey of the Albemarle area, Virginia, 1902. The soil of this type 
is a loose, mellow black loam, averaging about 12 inches deep. The 
subsoil is slightly heavier and of a light-brown to yellowish color. 
In depressions and coves, where wash from the higher ground has 
accumulated, there is no sharp distinction between soil and subsoil, 
the loose black loam being several feet deep. Both soil and subsoil 
contain fragments of the rocks whose decomposition has formed the 
soil granites, gneisses, and schists. This type occurs principally in 
the coves of the Blue Ridge Mountains, but is also found upon the 
tops and upper slopes. 

Cecil clay. The samples of this type were collected near States- 
ville, X. C., in the survey of that area in 1901. This type is found on 
uplands, gentle slopes, and rolling lands of the Piedmont Plateau. 
The Cecil clay is a residual soil, resulting from the disintegration of a 
number of rocks, differing in mineralogical characters. Granites, 
gneisses, schists, and other somewhat similar rocks have contributed 
to the formation of this type, and so thorough have been the dis 
integration and decomposition that the same red clay results 
from all. There is such a gradual change from soil to the parent 
rock that there is generally no sharp line between the two. The soil 
consists of a heavy red loam, containing many sand grains of the 
original minerals forming the rocks from which the soil is derived. 
It is shallow, averaging about 5 inches. The subsoil is a stiff, tena 
cious red clay to a depth of 3 or more feet. It becomes heavier at 
greater depths. Natural drainage is fairly good, probably due to 
the sand and rock fragments contained in soil and subsoil. 

The mechanical composition and the results of the analyses of the 
separates of these soils are given in Tables VIII, IX, and X. 

With few exceptions the percentage of the several mineral plant- 
food constituents increases as the size of the particles of the separates 
decreases. Chester mica loam, however, which contains many mica 
ceous scales, shows a nearly constant percentage content of lime and 
magnesia in its separates, while Cecil clay shows the reverse order as 
to the potash content, the sand being richest in potash, the silt slightly 
poorer, and the clay decidedly the poorest of the three. While there 
are some notable exceptions, the absolute quantities are generally 
fairly evenly distributed in the mechanical components of these soils, 
as shown in Table X. 
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TABI.K IX, 



-Partial chemical composition of the separates of soils formed from 
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SOILS OK (JLACIAL ORIGIN. 

The group of soils of &lt;rlacial origin includes soils formed from 
iiiMlciial deposited by glaciers or this material somewhat reworked 
by water, and also loessial soils, consisting largely of particles the 
size of silt, which have been carried from other glacial areas and 
dc]M&gt;-itrd OVIT tin- underlying material. The transporting agent- in 
thi- c;i-- \\t-iv wind and water. 

The mechanical composition is given in Table XI ; the results of the 
clu inical examination are given in Tables XII and XIII, calculated 
:i&gt; brfoiv upon the separates and the soils, respectively. 

/ in/ mi/,- tin. ^i ml if loam. The sample for analysis was taken from 
a larg - -ample from a very sandy phase of the type found in the 
Connecticut Valley. The area was surveyed in 1903. This i- an 
alluxial &gt;oil. formed l&gt;y the reworking l&gt;y running water of glaciated 
granite-. gneies. and &gt;chi-.t-. It contain- an abundance of mica 
ceoii- mineral particle- \i-ihlc to the eye. It i- underlain by line 
rand. The .-nil i- of a dark brown color and i&gt; well drained. The 
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tobacco field from which the sample came had been heavily fertilized 
for years. 

Miami sand. From the Toledo area, Ohio, surveyed in 1902. The 
soil is a coarse to medium loose and deep yellowish sand. It is under 
lain by a yellow sand of about the same texture. It is level to rolling 
and consists of glacial material somewhat modified by wind action. 
It occupies elevated positions and is well drained. 

Wabash loam. Described as Miami loam in the Eeport of the 
Soil Survey of the Toledo Area, Ohio, 1902. This is a dark-brown to 
black soil of good depth, and containing a small proportion of the 
coarser grades of sand. The subsoil is a heavy brownish-yellow loam 
overlying a fine gravelly loam. It is a bottom land, frequently oc 
curring as terraces. It is generally well drained. It consists of 
glacial drift redeposited by stream- action. 

Volusia silt loam. The sample for analysis was collected in the 
soil survey of the Wooster area, Ohio, 1904. This soil is a gray to 
brown silty loam with an average depth of 8 inches. The subsoil is 
a light-yellow silty loam, mottled with gray in its lower portions. It 
has resulted in most part from the glaciation of shales. Its mechan 
ical constituents closely resemble in size those of the soils derived from 
the loess, being composed largely of silt. This is doubtless due to the 
silt in the shales from which this soil type comes in large part. 

Marshall loam. From samples of this type collected during the 
survey of the Marshall area, Minnesota, 1903. The surface soil is a 
somewhat heavy loam from 10 to 12 inches in depth and of a dark- 
brown color. Under this is a stiff, sticky yellow subsoil to a depth 
of about 3 feet. Below this is a stiff bowlder clay, mottled yellow 
and gray. The type is generally rolling and well drained. Bo\vlders 
and glacial gravel occur to some extent over this soil. 

Miami silt loam. Described as Edgerton silt loam in the Report 
of the Soil Survey of the Janesville Area, Wisconsin, 1902. The 
soil is a very silty loam, light brown when wet and light gray when 
dry. Its depth is about 8 inches. It is underlain by several feet of 
stiff, yellow, silty clay that is always mottled with gray, showing 
poor drainage and aeration. This type originally consisted mainly 
of timber lands and oak openings. 

Marshall silt loam. Described as Janesville silt loam in the Report 
of the Janesville Area, Wisconsin, 1902. The soil is a mealy, chocolate- 
colored silt loam with a dark-brown tint when moist. It contains a 
large amount of silt and becomes somewhat sticky when wet. It 
is about 10 inches deep. The subsoil is a sticky, reddish-yellow silty 
clay, about 3 feet deep, and rests upon a glacial gravel or the disin 
tegrating limestone of the region. The soil probably owes some of 
its distinguishing characteristics to the influence of this limestone. 
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The type i- rolling and well drained. It wa- originally covered with 
the prairie grasses "! tin- region. 

Marxluill /I/if/.- &lt; l,u/ I, mill. Sample- collected iii the -iirvev of Mc 
Lean County, 111.. I .MI: ,. This soil is a heavy, somewhat -ticky gnm- 
ular clay loam, containing a large percentage of silt and organic 
matter It has a depth of about 18 inches. The subsoil is a mottled 
yellow or drab-colored sticky, silty clay. This soil type has formed 
where the natural drainage was poor. The surface is level. In it- 
original condition it was wet and swampy and required thorough 
drainage. 

Marlon silt loam. Samples from Clay County, 111. The area 
was surveyed in 1002. The Marion silt loam consists of a li&lt;_ r lit 
brown to whitish very silty loam, containing very little organic 
matter. Its depth averages 12 inches. The soil cakes on drying, 
but breaks down into flour-like dust when pulverized. The subsoil 
is heavier and contains more clay. It is so impervious to water 
as to be locally called hardpan. The lower subsoil -is a hard, silty, 
mottled yellow clay, often containing iron concretions. Below 4 or 
5 feet more or less glacial gravel is found. The type is level or 
slightly rolling. The soil has very poor natural drainage, owing to 
the rather impervious subsoil and the level surface. While of loessial 
origin, this soil has been largely formed from sandstones and shales 
ground up by glaciers. 

Shelby silt loam. The sample analyzed was collected in the soil 
survey of Shelby County, Mo., 1903. The Shelby silt loam is a 
.-illy soil of medium depth and of a light-gray color when dry; dark 
gray when wet. It grades into a stiff, impervious silty clay, plastic 
and waxy when wet, friable and loamy when dry. The subsoil is 
a dark mottled day. It is level or gently rolling. The original 
growth on this type of soil was the prairie grasses. 

TAIII.K XI. \hi-litinirtil composition of tin- fflaci 



Soil type and location. 


2 to 0.06 
mm. 


0.05 to 

(silt). 


0.006 toO 

mm. 
(clay). 




Per rent. 
80.5 


Percent. 
18 


Percent. 


Mi:iini Min.l, ohi.. . , 


91.5 


5.5 


3.5 


\Vnl.a-h 1&lt;- .Ohio 
It I..MMI Ohio 


50.5 
17 


38 
64 


19 


Mar-mill l&lt;mm, MiniirSMta 


- 


- 




Miami.v,; ( sin 

Marshall &gt;-ilt Imiii! \Vi-i OHMM 


14 
12 


72 


17 


Manhall black clay loam, Illinois 


21.5 


57.5 


M 




13 


69 




Sin lliv Mlt li mm Mi"uri 


7 


71 


19 
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TABLE XII. Partial chemical composition of separates of the glacial soils. 



Soil type and location. 


P 2 6 . CaO. 


MgO. 


K 2 0. 


Sand. 


Silt. 

P.ct. 
0.31 
.51 
.19 
.09 
.19 

.19 
.24 

.32 
.08 
.16 


Clay. 

P.ct. 
3.36 
1.62 
.40 
.46 
.37 

.56 
.52 

.56 

.35 

.49 


Sand. 

P.ct. 
2.35 
.83 
1.56 
.43 
1.63 

.91 
.76 

3.17 
.38 
.41 


Silt. 

P.ct. 

2! 59 
1.56 
.30 
1.53 

.83 
.81 

2.50 
.51 

.44 


Clay. 

P.ct. 
6.22 
2.12 
3.98 
.43 
4.02 

1.37 
1.20 
5.53 
1.14 


Sand. 

P.ct. 
1.10 
.34 
.42 
.37 
.61 

.57 
.46 

1.26 
.10 
.13 


Silt. 


Clay. 

P.ct. 
3.% 
.75 
1.74 
1.41 
1.73 

1.73 
1.68 

2.79 
.99 
1.20 


Sand. 

P.ct. 

0.74 
1.89 
2.24 
2.11 
1.97 

2.07 

1.78 

1.99 
.94 
1.60 


Silt. 

P.ct. 
3.74 
2.44 
2.90 
2.16 
1.71 

2.44 
2.41 

2.39 
1.44 
1.87 


Clay. 

P.ct. 
4.70 
3.98 
4.18 
2.96 
1.02 

3.73 
3.32 

2.54 
2.07 
2.26 


Podunk fine sandy loam, 


P.ct. 
0.12 
.21 
.11 
.09 
.18 

.12 
.13 

.31 
.05 
.19 


P.ct. 

I. 21 
1.07 
.37 
1.30 

.50 

.75 

1.29 
.14 

.25 


Miami sand, Ohio 
Wnbash loam, Ohio 
Volnsia silt loam, Ohio . . . 
Marshall loam, Minnesota. 
Miami silt loam, Wiscon 
sin 
Marshall silt loam, Wis- 


Marshall black clay loam, 
Illinois 


Marion silt loam, Illinois. 
Shelby silt loam, Missouri. 



TABLE XIII. Content of the separate* of the glacial soils calculated to per 
centages of the whole soil. 







PjOfr 






CaO. 






MgO. 






K 2 O. 




1 


3and. 


Silt. 


Clay. 


Sand. 


Silt. 


Clay. 


Sand. 


Silt. 


Clay. 


Sand. 


Silt. 


Clay. 


Podnnk fine sandy loam, 
Connecticut 


P.ct. 

0.10 


P.ct. 
0.05 


P. cl. 
0.07 


P.ct. 
1.89 


P.ct. 
33 


P.ct. 
0.12 


P.ct. 

0.89 


P.ct. 
33 


P.ct. 
08 


P. ct. 
60 


P. ct. 

06 


P. ct. 
09 


Miami sand, Ohio 
Wa bash loam. Ohio 
Volusia silt loam, Ohio.... 
Marshall loam, Minne 
sota 


.19 
.06 
.02 

.09 


.03 

.07 
.06 

.07 


.05 
.05 
.09 

05 


.76 

.79 
.07 

.78 


.14 

.59 
.19 

58 


.07 
.48 
.08 

.51 


.31 
.21 

.06 

.29 


.07 
.41 
.21 

49 


.03 
.21 
.27 

22 


1.73 
1.13 
.36 


.13 
1.10 
1.38 

64 


.14 
.50 
.56 

13 


Miami silt loam, Wiscon 
sin 


02 


14 


08 


12 


60 


19 


08 


36 


24 


28 


1 76 


52 


Marshall silt loam, Wis- 


02 


17 


09 


09 


57 


20 


06 


52 


29 


21 


1 69 


56 


Marshall black clay loam, 
Illinois. 


07 


18 


11 


f&gt;8 


1 44 


1 11 


07 


74 


56 


43 


1 37 


51 


Marion silt loam, 11 linois. . 
Shelby silt loam, Missouri. 


.01 
.01 


.05 
.12 


.06 
.09 


.05 
.03 


.35 
.33 


.16 

.22 


.01 
.01 


.10 
.19 


.18 
.23 


.12 
.11 


1.00 
1.38 


.37 

.43 



In general, the finer separates of the soils of this group contain 
the greater percentages of the several elements determined. The 
Marshall loam and the Volusia silt loam depart most widely from this 
rule, but several others do not strictly conform to it. The extreme 
proportionate richness of the clay of the Podunk fine sandy loam may 
have some connection with the great quantity of fertilizers that have 
been applied in the growing of tobacco on the field from which the 
sample was taken. 

As to total content of the elements in the several separates, this 
is generally determined by the relative quantity of the separates in 
the soil. Thus in the soils consisting largely of silt, a large part of 
the phosphorus, calcium, magnesium, and potassium is contained in 
the silt. In the soils consisting largely of sand, the plant-food con 
stituents are found in greatest quantity in the sand. As shown in 
Table XIII, the silt of Miami silt loam and of Marshall silt loam 
contains much more phosphate, lime, magnesia, and potash than is 
contained in the sand and clay combined. The sand of the Miami 
sand contains more of these elements than the combined content of 
the silt and the clay. 
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SOII-S HKKIVKI) FRM L1ME8TUNKS AM) S1IAI.KS, 

Five soils formed from limestones and shales without glacial 
agency are included in this comparison Oswego silt loam from 
Kansas; Walmsh silt loam. Kansas; Hagerstown loam. Tennessee; 
Hagerstown clay. Kentucky; Houston clay. Alabama. 

Omreyo *ilt loam. Descrilxd as Oswego loam in the report of soil 
survey of Parsons area. Kansas, 1003. This soil consists of a dark 
gray silty loam, varying from very shallow to 10 inches deep, which 
grades into a stiff clay, becoming more impervious with depth. It 
Ix coiiios hard and compact on drying, hut it is easily broken up into 
a mellow loam if plowed when in proper condition of moisture. 
This is an upland type and occupies gently rolling prairies. Owing 
to the topography of the country, the type has good surface drainage. 
The Oswego silt loam is derived from the weathering of the under 
lying rock, this usually Iw ing shales, with occasional interbedded lay 
ers of sandstone and limestone. 

~\\ &lt;il&gt;(ixh xilt lo&lt;iin. The sample analyzed is from Kiley County, 
Kans. The area was surveyed in 1000. The soil varies from 12 to 
24 inches in depth and consists of a dark-brown to black heavy silt 
loam. It is easily cultivated and readily kept in good tilth. The 
subsoil consists of a compact and rather heavy brown or yellowish 
silt loam. It occurs as long, narrow tracts in the creek valleys and 
along the outer edges of the river valleys. The type occupies a 
rather low position in stream valleys and on gentle slopes. Its sur 
face is nearly level or gently sloping. It forms first bottoms of 
smaller streams and second bottoms of larger ones. It is well drained 
naturally. The type has been deposited by water, the surface consist 
ing largely of material washed from the surrounding hills, which 
are made up of shales and limestones. This wash from the hills is 
continually adding to the type. 

Ilayerxtotrit loam. Sample collected in the soil survey of the Pike- 
ville are; 1 .. Tennessee, 1003. This soil consists of brown or yellowish- 
brown mellow loam from to 12 inches deep. It is underlain by a 
yellow to reddish-yellow stiff loam or light clay loam, which becomes 
a more pronounced red with depth. Traces of chert are found in 
both soil and subsoil. This type was formed by the slow weathering 
of limestones. In this soil the weathering has been so complete and 
the leaching so excessive that the lime of the disintegrated stone has 
been largely washed from the soil. The type has a moderately roll 
ing surface and has good surface drainage, but the sub-oil is rather 
impervious. The underlying limestone comes near the surface in 
some places, owing to erosion. 

Hagentown flay. The sample analyzed was collected in the soil 
survey of Scott County, Kv., 1003. This soil has a heavy texture 
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and varies from 3 to 1 2 inches in depth. It is yellow or brown in 
color. The subsoil is a heavy yellow clay, extending to a depth of 
3 or more feet. This soil type is derived from limestones and shales. 
These rocks offer considerable resistance to disintegration, and the soil 
may therefore be more thoroughly leached than would be the case were 
the rocks more readily decomposed. The surface is rather rough, 
rounded hills being dominant features. Surface washing has been 
great, and the soil is generally shallow, the depth depending on its 
position. This is a residual soil, being formed from the breaking 
down in place of the underlying limestones and shales. 

Houston clay. The sample is from Dallas County, Ala. The area 
was surveyed in 1905. Although this type is really a Coastal Plains 
soil in so far as its mode of occurrence is concerned, it is here grouped 
with the limestone soils. It has resulted from the weathering of 
rotten limestones or chalks of Cretaceous time. Owing to its prox 
imity to the soft and easily broken down lime rock, this soil is highly 
calcareous, and often contains lime concretions, especially in the sub 
soil. It may be considered to be of comparatively recent origin and 
as a residual Coastal Plains soil. The soil is a gray, brown, or black 
loamy clay, 6 inches deep. This is underlain with 3 or more feet of 
heavy gray or mottled yellow clay. The surface is gently rolling and 
the drainage very good. Agriculturally the soil is lighter than would 
be expected from its high clay content. This may be due to floccu- 
lation by the high percentage of lime present. 

Table XIV shows the mechanical composition of the soils of 
this group. Tables XV and XVI give the results of the chemical 
examinations. 

TABLK XIV. Mechanical composition of the soils formed from limestones and 

shales. 



Soil type and locution. 


2 to 0.05 
mm. 
(sand). 


0. 05 to 
0.005mm. 
(silt). 


0.005 to 
mm. 
(day). 




Per cent. 
25 


Per cent. 
57 


Percent. 
18 


Wabash silt loam Kansas ... 


13 


69 


18 




36 


40 


23 


Hagerstown clay, Kentucky 


7 
28.5 


48 
25.5 


46 
46 5 











TABLK XV. Partial chemical composition of the separates of limestone and shale 

soils. 







P 2 r ,. 






CaO. 






MgO. 






K 2 0. 






Suid. 


Silt. 


Clay. 


Sand. 


Silt, 


Clay. 


Sand. 


Silt. 


Clay. 


Sand. 


Silt. 


Clay. 


Oswego silt loam, Kansas. 
Wabash silt loam, Kansas. 
Hagerstown loam, Ten- 


P. ft. 
0.07 
.05 

04 


P.ct. 
W 
.07 

.05 


P.ct. 
0.31 
.40 

.40 


P.ct. 
0.19 
.81 

.22 


P.ct. 
0.33 

.26 


P.ct. 
0.93 
2.07 

.94 


P.ct. 
0.06 
.30 

.19 


P.ct. 
0.13 
.43 

.30 


P.ct. 

1.54 

2.16 

1.60 


P.ct. 
0.64 
2.27 

.12 


P.ct. 
1.31 
2.96 

.84 


P. ct. 
1.88 
3.64 

1.68 


Hagerstown clav, Ken 
tucky 


.32 


.28 


.55 


7.81 


3.12 


2.37 


.76 


.87 


2.32 


3.48 


3.60 


5.07 


Houston clay, Alabama. . . 


.48 


.36 


.77 


28.73 


29.51 


26.45 


.87 


.88 


1.60 


.79 


1.05 


1.10 



&gt;i&gt;||.s OF THE AKII) REGIONS. 

TABI.K XVI.- -Content of the separates of the limestone and shale soils 
to percentages of the icholc noil. 
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tucky .. 


.02 


.13 


.25 


..5 


1.50 1.09 


.05 


.42 


1.07 


.24 ! 1.73 


2.33 


Houston clay, Alabama. . . 


.14 


.09 


.36 


8.19 


7.53 12.30 


.25 


.22. 


.74 


.23 .27 


.51 



Excepting the lime and the phosphates in the calcareous soils, 
Hagentown clay of Kentucky and Houston clay of Alabama, these 
limestone and shale soils follow the rule that the finer the separate 
the greater the percentage of the four elements determined. In the 
cases of high lime content there may be calcium carbonate in the 
form of sand as that term is here used, and quartz and other sands 
may l&gt;e coated with carbonate of lime. In the clay soils the greatest 
absolute quantity of lime is contained in the clays; in the loams the 
fcilts often have greater quantity. 

The Oswego silt loam and the Hagerstown loam are in marked 
contrast with the clays in that the latter contain larger percentages 
of the several elements determined, notably the potash in Ilagers- 
town clay, the lime in Houston clay, and the phosphoric acid in both. 
This comparative poverty in the former is doubtless due in part to 
these soils being the result of more extended weathering than are 
the two clays, and the rocks from which they are formed differ con 
siderably. 

While the separates of anv one of these shale and limestone soils 
can be compared among themselves, no useful comparison of one of 
the soils with another can be made unless the full history of the soils 
be considered. Some of them have come from shales with layers of 
interbedded limestones, others from massive limestones, and the ex 
tent of weathering and leaching lias varied so that a similar soil could 
not result. Notwithstanding this, the plant-food constituents are 
concentrated in the finer separates of all these shale and limestone soils 
as in those of greatly different origin. 

Not only are the finer separates of this group of soils richer in 
plant-food constituents as determined by percentage composition, but 
since the soils are mainly clay and silt the absolute quantities, as 
shown, by Table XVI, are greater in these portions. 

SOILS OF THE ARID REGIONS. 

Two soils formed under arid conditions, or at least that have been 
under arid conditions for very long periods, were used in this work 

one from tin Fit -n., .-cries and one from the Indio series. 
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Fresno fi/u sand}/ loam. Described as Fresno sandy loam in the 
report of the soil survey of the Fresno area, California, 1900. This 
soil is composed largely of silt to fine sand. It is locally known as 
white-ash land/ from its color and its physical character. The soil 
has probably been derived from volcanic ash, but light-colored loams 
and sands have also contributed to it. The soil lies flat and works 
well, unless it be puddled, when water penetrates it slowly and ha fd 
clods or lumps form on drying. The lower subsoil is heavier, a blfie 
clay being encountered at the depth of a few feet. Because of poor 
drainage or light rainfall this soil generally contains alkali. 

fndio fine sandy loam. Described as Fresno sandy loam in the 
report of the soil survey of the Indio area, California, 1903. This 
soil is made up of clay, silt, and the finer grades of sand. The clay 
is so flocculated that the soil in its field condition is lighter than the 
mechanical composition would indicate. The soil was mainly formed 
by erosion from adjacent mountains, the material being deposited 
in a bay or arm of the sea, but it has been greatly modified by 
wind action. It contains micaceous grains and minute shells. 
The soil ranges in depth from 2] to 5 feet and is underlain with 
sandy loam or sand. The surface usually has a uniform slope and is 
generally well drained, but its high capillary power draw r s much 
water to the surface, causing an accumulation of alkali by its evap 
oration. In the lower levels the alkali is present in injurious 
amounts. Owing to insufficient rainfall the salts are not washed out 
of this soil so well as might be expected from its physical character. 

Tables XVII, XVIII, and XIX give the mechanical composition 
and the results of the analysis of the separates of these soils. 

Table XVIII would show these two soils to be somewhat similar 
to those of humid regions in respect to the distribution of the ele 
ments in the mechanical separates. Excepting the lime in the highly 
calcareous Indio fine sandy loam, the finer the separates, in general, 
the higher the percentage of the elements determined, and of course 
the less siliceous they are. Since these soils contain considerable 
alkali or water-soluble salts, constituents which would here appear 
in the clay, the content of the clay proper would be somewhat less 
than shown in the tables. In the case of the potash it would prob 
ably be considerably less. It will be observed that the sand of the 
Indio fine sandy loam contains slightly more potash than the silt. 
Were, the apparent content of potash in the clay reduced by that 
which has been washed from the whole bulk of soil and concentrated 
in the clay, thus obtaining that of the clay itself, this true content 
would probably not greatly exceed that of the sand. Were the same 
correction made for the Fresno fine sandy loam, the clay would be 
about like the silt in potash content. The same considerations apply 
to the other elements, but doubtless to a less degree; but after mak- 



ing due allowance for this source of error, it would appear that the 
coarser particles are somewhat poorer in phosphorus, magnesium, 
and potassium. 

TAKI.K XVII. M&lt; rlinniiul ro////;o.v//io/i of tin- arid xoilft. 



Soil type ami location. 


mm. 
(sand). 


0.05 to 

0.005 mm. 
(silt,. 


mm. 
(clay). 




Per cent. 
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Percent. 
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Per cent. 
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TAIH.K XVIII. I nrtial ehemieal fun position of the neparatett of tin- arid xoil*. 



Soil typo and locution. 


1 .0 5 . | CaO. 


MgO. 


K.O. 


P.ct. 
0.16 

.22 


Silt. 


Clay. jSand. 

P.ct] P.ct. 
0.66 3.16 

.25 l5.02 


Silt. 

P.ct. 
3.55 

14.89 


Clay. 

P.ct. 

6.20 

9.87 


Sand.; Silt. 


Clay. 


P.ct. 
3.26 

2.84 


Silt. Clay. 

P.ct. P.ct. 
5.58 6.27 

2.73 3.86 


Fresno fine sandv loam, 
California 


P.ct. 
0.22 

.27 


P. ct P.ct. 
0.78 1.81 

2.20 4.14 


P.ct. 
5.85 

4.82 


Indio line sandy loam, 
California 



TAIH.K XIX. Content of the xeparatex of arid xoilx ealeulated to percentage* of 
the whole xoil. 



Soil type and location. 


P0 6 . 


CaO. MjfO. 


Sand. 


K,,O. 
Silt. 


Clay. 

I .ct. 
0.50 

.92 


Sand.i Silt. 


Clay. 

P.ct. 

0.05 

.06 


Band. 

P.ct. 
2.10 

6.94 


Silt. 


Clay. Sand. Silt. Clay. 


Fresno fine sandv loam, 
Cali forma 


P.ct. 
0.10 

.10 


P.ct. 
0.06 

.08 


P.ct. 
O. Jl 

4.35 


P.ct. P.rt.\P.ct.\P.ct. 
0.50 0.52 ; 0.46 0.47 

2.36 1.02 1 1.21 1.15 


P.ct. 
0.17 

1.30 


I .ct. 
1.42 

.80 


lnlio fine sandy loam, 
California 



COMPARISONS OF TIIK C 



OF SOILS. 



It is interesting .to compare the soils of one province with those of 
another. If the soils of the Coastal Plains he compared with those 
of the Piedmont Plateau and of the Appalachian Mountains, cer 
tain distinct differences are observed. The latter soils are residual 
that is, they have been formed where now found or have been moved 
but short distances. The method of formation, in addition to pul 
verization, has been one of removal of certain parts of the rocks, 
either by solution or. mechanically, by moving water or air, leaving 
the present soil as a residue. The material forming the soil may 
differ but little chemically and mineralogically from the rocks whose 
breaking down has produced the soil, or it may depart much from 
them. An illustration of the latter is seen in the clays resulting 
from limestones. 

The soils of the Piedmont used in this investigation contain abun 
dant fra^ nents of the original minerals undecomposed. The Coastal 
Plains soi s have resulted to a large extent from material washed 
from ilie I iedmont Plateau and deposited in water ut lower level-. 
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They have suffered from decomposition and solution more than have 
the Piedmont and Appalachian soils, and there has often been a 
greater separation of the finer from the coarser particles. 

The tables show that the residual soils, Chester mica loam, Porters 
black loam, and Cecil clay, contain more plant-food constituents 
than do the Coastal Plains soils. This is especially true of the phos 
phorus, the potassium, and the magnesium. It is in the coarser 
materials, the sands, where the greatest difference in composition is 
found. In the sands of the residual soils the potash averages 1.60 
per cent, in the sands of the Coastal Plains soils the potash averages 
0.37 per cent, the sands of the residual soils being over four times 
as rich. In the clays the averages are, respectively. 2.86 per cent 
and 1.79 per cent, the clays of the residual soils being about one and 
a half times as rich as those of the Coastal Plains soils. A compari 
son of the potash content of the sand of a soil with that of the clay 
of the same soil shows that relatively as well as absolutely the sands 
of the residual soils are richer than those of the Coastal Plains. 
For example, in the Norfolk loam and the Crowley silt loam, 
having the least difference in the potash content of the sand and the 
clay of any of these Coastal Plains soils, the clay is three times as 
rich as the sand. In the Orangeburg fine sandy loam the content of 
potash in the clay is seven times that in the sand. In the Orange- 
burg sandy loam the ratio is 30 to 1. In the residual soils, on the 
other hand, the ratios are smaller, being 2.7 to 1 in Porters black 
loam, 1.8 to 1 in Chester mica loam, and 0.7 to 1 in Cecil clay. A 
similar comparison for the other elements will lead to the same con 
clusion that the clays and the sands of the Coastal Plains soils 
differ more in composition than do those of residual soils. 

The glacial soils consist largely of crushed rocks. Much of the 
material composing them has not been profoundly weathered. They 
are therefore quite similar in composition to the residual soils, and 
hence differ from those of the Coastal Plains. A comparison of the 
composition of the separates of glacial, residual, and Coastal Plains 
soils shows this. It is true of all constituents, unless it be phos 
phorus. If, as before, the potash content be taken for comparison, 
it is seen that the clays of the glacial and the residual soils contain 
about twice the percentage that the sands do, while the potash con 
tent of the clays of the Coastal Plains soils is five times that of the 
sands. 

The sandy and the silty glacial soils are somewhat similar in per 
centage composition. Owing to the latter consisting to so large an 
extent of such fine particles, it might have been supposed that decom 
position and leaching would have affected them more, and that there 
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would have l&gt;een a greater ditlerence between the two classes than the 
figure- &gt;how. Tin- average potash content of the silty soils is .-lightly 
greater than that of the others, as may he determined from the talile. 
being - -I - J" "&lt; snid 1.1)4 per cent, respectively. The magnesia is 
0.74 per cent of the silty soils and 0.8(5 of the others; the lime, 1.08 
per cent and 1.70 per cent; the phosphoric acid, 0.23 per cent and 0.22 
per cent, the figures being in all cases averages calculated from the 
table. But the silty soils are loessial for the most part and were 
formed from material blown by winds from glaciated areas and 
deposited where now found, or of material that has since l&gt;een 
reworked by water. Minerals rich in alkalies and alkaline earths, 
being relatively easily crushed, would form a larger percentage of 
these silty soils than they do of the original glacial soils; so that even 
if there has been a tendency to impoverish them by leaching, their 
originallv greater richness enables the loessial soils to compare well 
with those strictly glacial. 

We have but two soils of the arid region to compare with the 
twenty-five of humid regions. The latter were selected to represent 
Mills of all classes those of low, of medium, and of high produc 
tivity; sandy soils, clay soils, calcareous soils, and those intermediate 
between these several extremes. They may be taken as fairly well 
representing the humid soils. The two arid soils can not be consid 
ered to represent so well those of the region because of their limited 
number and similarity of texture, both being fine sandy loams. 

If (lie separates of these arid soils be compared with those of soils 
that have been profoundly weathered and leached, such as the Coastal 
Plains soils and the shale soils, it will be found that the coarser sepa 
rates of the former are richer relatively than the finer ones. If a like 
comparison be made of the arid soils with the glacial soils, the residual 
soils, and the calcareous soils, they are all found to be quite similar 
in &gt;o far as the distribution of nutrients among the separates is 
concerned. 

It should be noted that our comparison of arid soils with those of 
humid ieLfioii&gt; i&gt; in no way similar to that made by Tolman (p. 10). 
lie compared the .-Milubility of the separates rather than their com- 
po-ition. It i- well known that sands are often coated with colored 
iron compounds, -o that what is called a yellow or a red sand be 
come- 1 1 iii-parent. colorless quartz sand when treated with acid. 
Other mineral- in the form of sand are also similarly coated. The 
finer portion^, the &gt;ilts and the clays, are often the most highly 
colored. It i&gt; generally impossible to tell whether the coloring com 
pound &gt; are -imply finely pulverized and mixed with the silt and 
the clay, or whether the colors exist in the form of thin coatings on 
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the grains of these materials. Schloesing " believes the latter to be 
largely the case. It seems reasonable to believe that the slightly 
soluble compounds existing in soils, such as the carbonates and the 
phosphates of the alkaline earths, the phosphates of iron and alumi 
num, the more soluble silicates and silico-aluminates, etc., may form 
coatings on minerals just as do the oxides and the hydroxides of iron. 
If the minerals or their decomposition products had been in solution 
and then separated out because of concentration of the solution by 
evaporation, the deposition would be on the grains. Even if the 
adhesive force were equal over surfaces of large and of small grains, 
so that the films would be of equal thickness, there would be a larger 
percentage in the coatings of small particles, since in these the sur 
faces exposed are much greater in proportion to mass. There would 
be a tendency for this coating film to thicken, for on the assump 
tion of a surface attraction, it would be from the reserves of 
these slightly soluble substances and not from the films that more of 
the material would go into solution when water is added to the soil 
by rain or otherwise. The deposition would take place over the pre 
vious film as the soil becomes drier again. At length the action 
would be in equilibrium when the tendency to dissolve from the 
films and from the reserves is equal. While this is probably one of 
the reasons for the greater percentage of acid-soluble substances in 
the finer separates, it can hardly be doubted that because of their 
softness in comparison with such minerals as quartz the compounds 
containing the nutrients are more finely pulverized in soil making, 
and that they are therefore more largely reduced to the size of silt 
and clay. In arid regions this solution and deposition would not 
take place to so large an extent, since the soils are seldom thoroughly 
wet. Decomposition or alteration taking place on the surfaces of 
mineral grains, the latter would remain coated with decomposition 
products if there were lack of water to remove the coating or to con 
tinue the kaolinization process further. The coarser grains of soils 
are more likely to be thus coated in arid regions than in humid ones. 
The decomposition products being more soluble in acid than the 
original minerals, it may frequently happen that the sands of arid 
soils yield more material to the acid used in analysis than do the 
sands of humid soils, and for the reason given above. Tolman 6 be 
lieves this to be a general fact, and suggests the above explanation 
of it. 

While the existence or nonexistence of these unremoved coatings 
of decomposition products would account for differences in the solu- 

Tompt. Rend., 185, 601-605 (1902). 

"Kept. Agr. Expt. Sta., Univ. Cal., 189*-1901, p. 40 et seq. 
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bilitV of the mechanical separates of -oil-. they Would rau-r n.. 

difference in composition M- ~hown by fn-ion method-, for tin- latter 
would show the total content of the Drains, whether they lie j)artially 

decomposed or not. 
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Comparisons have often lieen made of residual soils with the rocks 
from which they were in large part formed. In many case- thi- 
can be done with considerable certainty that the proper materials 
are being compared. But most of the soils studied in this bulletin 
ai&lt; far removed from the rocks whose disintegration produced them. 
and they are mixtures of such diverse materials that comparisons of 
the sediments with the parent rock can not lx&gt; made. It may. how 
ever, be of interest to compare the separates of these soils with such 
well-known rocks as granites, syenites, gneisses, shales, and sand 
stones. Each of these classes of rocks varies considerably in ulti 
mate composition, depending upon the proportion of their constituent 
minerals, but by taking several of each class some conception of com 
mon limits of variation may be formed. In the following tables 
the percentages of P .,().,. Ca(), MgO. and K.,() in a number of these 
rocks are given." 

TAHI.K XX.l nrtial &lt;-&lt;,tni&gt;&lt;&gt;xi1ion &gt;,f tininitr*. 



Tyi-e .if roek and local i 



Uranite. CM mint Creek Caiiynii. I iko&lt; IV:ik. Colorado 

Biotite granite. Sentinel Point, 1 ike- IVak. Colorado 

Cranit". Currant Creek Ciiny.ui. rites IVat. Colorado 

Biotite Kraniti-. Vfriimnt 

inite, Miiiiioota 

( Irani tc, KlnrN-aiit, C.il.mido 

Qnnite, Montana 

i ounty. ( alif.iruia 



Mj?O. K.O. 



I fr cent. 1 rr rent. Per rent. Prr rrnt. 
0.22 0.58 I 0.07 6.56 

.80 



Trace. 
.05 
.11 
.20 



.15 

1.26 



.14 7.99 

.33 4.81 

.58 . 4.97 

Trace. ; 4.15 

.36 i 6.09 

.06 j 6.18 



T \ia.i XXI. I n rt in I 



Tyj..- ..f r.K k and lo-atii 



itinn nf tntchytc-sycnitc ruck*. 



K.O. 



V.irdiiuirtito, Vormont 


Permit. 
13 


Prr rrnt. 
1 49 


Prr cent. 
40 


Jirrcent. 


;T|ihvn-, H.-arpau M..iintaitiv MmilaiiH 
Bi.ititi-tracliyt.-. Hike Mdiinta.- National Park. 
S,!H &gt;yi-nite |.&lt;ir|iliyry. MoeeaMii Creek, California 


.10 

.2-- 
.11 
06 


1.32 
.93 
.55 
2.66 


.77 
.63 
.24 
06 


5.76 
5.47 
.10 
.39 


,-ielivte. Iike M nun tain&gt;. Yello\v-t. .ne Nat j. ,na 1 I ark. 
!..irjihyrv, Cop; 
. a 1 I ll rk 


. 25 
.21 


2.78 
2.60 


.91 
1.13 


6.11 
4.56 


,.-nite. Tiirntia. k (reek. California 
iiitain-- Montana 


.16 
.33 


5.61 
4 61 


1.69 
8.67 


4.50 





.: 


3.77 


1 . J 1 


6.06 


Mountain-. Montana 


.26 


3.69 




6.34 



Clarke. l.nta of O 
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TABLE XXII. Partial composition of gneiss. 



Type of rock and location. 


P 2 3 . 


CaO. 


MgO. 


K S H. 


Sedimentary gneiss, Canada 


Per cent. 
11 


Per cent. 
0.35 
2 40 


Per cent. 
1.81 
2 40 


Per cent. 
2.60 


Mica gneiss, Pennsylvania 


.22 


1.87 


2.42 


2 86 


Gneiss, Maryland 


11 


9.69 
1 68 


5.98 
95 


1.56 
1 35 


Biotite gneiss Michigan 




1.87 


1.26 


2 35 


Quartz-norite gneiss, Minnesota 




5.99 


3.62 


.55 



TABLE XXIII. I arlial &lt;-omi&gt;osHion of sandstone*. 



Type of rock and location. P-&gt;O ;&gt; . 


CaO. 


MgO. 


K-O. 


Per cent. 
Brown sandstone, Hummelstown. Pa 


Per cent. 
0.20 


Per cent. 
0.53 


Per cent. 
2 63 


Ferruginous sandstone, Norfolk, England 0.42 


2.43 
16 39 


.95 
2 22 


.48 
17 


Miocene sandstone, Mount Diablo, Cal .29 
Composite of 253 sandstones .OS 
Composite of 371 building sandstones . Oti 


14.65 
5.52 
. 1.05 
70 


5.55 
1.17 

.52 
1 39 


.37 
.32 
.Hi 
62 











TABLE XXIV. I artial composition of shales. 



Type of rock and location. 


P S 5 . 


CaO. 


MgO. 


K,0. 




Per cent. 
15 


Per cent. 
1 -11 


Per cent. 
2 3 


Per cent. 
3 60 


Composite of 27 Meso/oic, and (Vnoxoic shales 
Black Devonian shale, Morenci, Ariz 
Middle Cambrian shale. Coosa Vallev, Alabama 
Bituminous shale, Dry Gap, Georgia . 


.20 
.08 
.06 
.31 
17 


5. 96 
3.40 
1.60 
.78 

r&gt; 09 


2. (17 
4.16 
2.32 
1.15 
2 12 


2.07 

6.74 
3.19 
3.16 
31 


Carboniferous shale, Klliott County, Kv 
Cretaceous shale, Mount Diablo, California 


,08 
.08 


9.91 

27.87 


1.91 
2.61 


.88 



A comparison of the figures in the above tables with those for the 
separates of the glacial soils in Table XII shows that the phosphates 
in these rocks and in the sands and silts are of about the same order 
of magnitude, and that they are appreciably higher in the clays. 
It would seem, then, that in so far as these soils resulted from rocks 
like the above there has been little change in the percentage of phos 
phates in the portions forming sand and silt, while there has been a 
concentration in the clays. The change of the minerals comprising 
these rocks to " clay " is a somewhat complex one. In so far as 
it is chemical it is mainly a loss of alkalis and alkaline earths by 
solution, and the taking up of water in kaohnization. The first proc 
ess would tend to increase the proportion of phosphate, the latter to 
decrease it. 

A similar comparison of the lime content shows that, while there 
is much variation in the percentage of this base, in general the gran 
ites are somewhat below and the syenites and gneisses somewhat 
above the several separates. 
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The sands and the silts of the glacial soils have much the same mag 
nesia content as the granites and syenites, and the clays are richer. 
The gneisses contain more magnesia than any of these separates. 

A comparison of the potash content shows that the granites and 
syenites are richer in this element than are any of the sediments 
much richer than the sands and the silts. The gneiss rocks are about 
like the sands and poorer than the silts and clays. 

These various relations may have come about by the mixing of 
the debris of very diverse rocks, those richer in the elements named 
with those poorer, or by the decomposition and leaching of the broken 
down richer rocks. 

Of the soils formed from crystalline and metamorphic rocks by 
other than glacial action (pp. 10 to 21) the Chester mica loam and 
the Cecil clay, as a whole, contain al&gt;oiit the same proportion of phos 
phate as do the granites and gneisses, the sands and silts being low, 
the clays relatively high. Calcium is a less abundant constituent of 
the soils than of the rocks. The soils contain about as large a pro 
portion of magnesium as the granites and less than the gneisses. The 
syenites are variable in the content of this element, some of these 
rocks bein*r poorer than the two soils and some richer. 

Some of the separates of these soils are richer in the elements than 
the rocks and some poorer. Thus in general the rocks contain a 
greater percentage of phosphate than the sand and silt separates and 
less than the clays. All the separates are of lower lime content than 
the rocks. Their magnesia content is greater than that of the granites 
and less than that of the gneisses. The potash of the separates is very 
similar to that of the gneisses, but much less than that of the granites. 

Porters black loam more nearly resembles the svenites in compo 
sition, and its separates are irregular when compared with the rocks. 
I his soil is said to be derived from granites and gneisses in large 
part. The content of potash, lime, and magnesia in the whole soil is 
intermediate between that of the rocks as shown in these tables. 

SUMMARY. 

As n general rule the smaller particles of soils are richer in potas 
sium, calcium, magnesium, and phosphorus than the coarser particles. 

The concentration of these elements in the finer components is the 
more pronounced as the soils have undergone more extreme weath 
ering. 

In glacial soils and others resulting largely from mechanical proc- 
the coarser particles are relatively high in the ix i rcentages of 
potash, lime, and magnesia. 

The larger mechanical components contain these elements in forms 
which by protracted weathering will Income more soluble, and they 
will ultimately be concentrated in the finer components. 
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Calcium is often rather low in clay soils resulting from the weather 
ing of hard, compact limestones. It is generally abundant in soils 
recently formed from easily broken down limestones. The sands of 
these latter soils may contain a high percentage of calcium, probably 
as lime sand or as coatings on other large mineral grains. 

A comparison of soils and soil separates with crystalline rocks 
indicates that in the process of the weathering of these rocks the phos 
phate remains of about the same proportion or slightly increases. 
The lime and potash seem to de crease in percentage, although 
minerals containing them are always present. 
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